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Abstract
Water pollution is major environmental problem worldwide. Many common industrial
organic compounds that make their way into water systems can be carcinogenic at trace levels
and are difficult and costly to remove completely with conventional technologies. Because of
this, authorities and researchers are trying to improve current water cleanup techniques.
Heterogeneous photocatalysts that accelerate the photocatalytic destruction of organic
contaminants in water are a potentially inexpensive and highly effective way to remove both
trace-level and saturated harmful compounds from industrial waste streams and drinking water.
Titanium dioxide has the potential to completely mineralize organic compounds in water under
ultraviolet light. However, the best catalysts are high surface area nanopowders, which are very
difficult to remove from product streams, especially on large scale systems.

Porous

photocatalytic materials can have the combined qualities of high surface area and easy to handle
large particles, as compared with nanoparticulate catalyst powders.
In this research, high surface area semiconductor porous materials made up of titaniumniobium mixed oxide and niobium oxide nanocomposites were developed for their utility as
photocatalysts in the decontamination of water at different pHs (pH= 2, 3.6, 7, and 9). The new
porous catalysts retain high catalytic activity while being easy to handle and filter out of product
streams. New synthetic methods were developed to optimize physical properties and the
catalyst's ability to photo-degrade organic and inorganic contaminants in water at all pHs. The
porous materials were characterized with a variety of analytical techniques, including
transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray
diffraction, Brunauer-Emmett-Teller surface area analysis (BET), CHN elemental analysis,
inductively coupled plasma/optical emission spectrophotometer (ICP-OES), flame and graphite
viii

furnace atomic absorption spectroscopy (FAAS and GFAAS), and UV-Vis spectrophotometry.
The whole process of preparing and characterizing unique and stable porous titanium and
niobium metal oxides is described in chapter 2.
This study was performed in three phases. In the first two phases, the nanocomposites
titanoniobate and triniobate porous metal oxides derived from KTiNbO5 and KNb3O8 were
prepared. The preparation involved a series of reactions that started with the solid-state synthesis
of the parent compounds followed by cation exchange, exfoliation, condensation, and a
supercritical point drying process of the porous metal aggregates. These materials were then
treated by a thermo-dehydration step to obtain the non-topo and topo porous oxide, respectively.
The products were then characterized using XRD, BET, UV-Vis, SEM, CHN elemental analysis,
ICP-OES, and TEM. XRD results showed that the new materials were crystalline in structure.
BET results indicated that these materials had high surface areas with large pores, especially
when they were treated by thermo-dehydration. These materials were used for photocatalytic
degradation of a model contamination, bromocresol green dye (BG). The results demonstrated
that materials based on the titanoniobate and the triniobate had good photocatalytic activity. The
pH profile studies performed on the parent, the non-topo and topo materials showed that the
catalysts have the ability to effectively degrade BG in acidic media. Significant photoactivity
was observed for all samples at pH 2 and 3.6. At pH 3.6, topo porous materials performed better
in comparison with the other samples. Because the non-topo and topo materials had porous
structures, the catalyst’s surface area, increased in comparison to the parent material. Therefore,
the higher activity of the porous materials was related to the greater surface area observed by
SEM and BET. The catalytic stability test results also showed that the topo porous material had
high and stable performance over time.
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The catalytic adsorption of non-topo titanoniobate for toxic and precious metals is
described in Chapter 4. The results in this phase of study showed that the porous HTiNbO5 was
able to reduce Pb2+ to Pb and Cr6+ to Cr in the presence of UV-light but reduction and deposition
of Cd2+ to Cd was not evident. The catalyst also reduced precious metals such as Au3+ to Au and
Pt2+ to Pt in the presence of UV-light.
The photocatalytic treatment of the waste materials has proven to be an effective method
for the treatment of a varied range of organic pollutants as found in colored waste waters. It
appears that photoactive metal oxides is the only sub-discipline of heterogeneous catalysis able
to convert organic pollutants to CO2 and water without heating, using high pressure of oxygen,
or requiring any chemical reactants or additives.
Results indicate that the new porous catalysts appear to be good choices for water
decontamination compared to efficient and well-known commercial TiO2 powders, and they
have larger mean particle sizes, which can be exploited to help solve catalyst retrieval and
filtration problems after decontamination has taken place. The reactivity of the porous catalyst
was comparable to that of the TiO2 nanopowder, P25 by Degussa (Germany), one of the best
commercial catalysts.
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Chapter 1
Introduction
Wastewater remediation has become a key economical, social, technological and political
problem over the past century (Matatov-Meytal and Sheintuch, 1998). Contaminated water is an
ongoing health issue all over the world, where available water sources are often inadequate and
insufficient for human consumption, especially in developing countries (Rincón et al., 2001).
Current human activities have caused the release of large quantities of organic and inorganic
chemicals into the environment, which threaten to decrease drinking water supplies and impact
the many diverse ecosystems, such as the terrestrial, the estuarine and the marine (Löffler and
Edwards, 2006). Recent industrial and technological advances have led to the pollution of water,
air and land, and have brought up many issues relating to environmental health and protection
(Maduka, 2006).
The nature of contaminants and their concentrations in industrial wastewater depend on
their source (Matatov-Meytal and Sheintuch, 1998). Some types of industries such as textile
industries use large volumes of chemicals and water for wet processing of textiles. Over 1.6×109
m3 of dye-containing wastewater per year empties into environmental water systems without
treatment, making dye pollutants produced by textile industries a major source of environmental
contamination. The chemical reagents used are very assorted in chemical composition, varying
from polymers and organic products to inorganic compounds (Mishra et al., 1993; Banat et al.,
1996; Juang et al., 1996; Bao et al., 2004). Pollution is defined as the contamination of air,
water, or land by substances which contain chemicals and other hazardous materials that are
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harmful to living organisms. These hazardous chemicals detract the ability of elements such as
water to support the ecosystem or provide for the needs of living organisms (Schiavello, 1988).
A striking source of eutrophication, esthetic pollution, and perturbations in aquatic life is
the discharge of wastewaters in the ecosystem (Figure 1.1). Due to international environmental
standards becoming stricter (ISO 14001, October 1996), technological systems for the
elimination and removal of organic pollutants, such as dyes, have been developed. Biological
methods (biodegradation) (Patil and Shinde, 1988; More et al., 1989), chemical methods
(chlorination, ozonation) (Slokar and Le Marechal, 1998)), and physical methods, such as
adsorption (Dejohn and Hutchins, 1976), are the most commonly used (Karkmaz et al., 2004).
Water pollution directly influences aquatic life, and may affect non-aquatic organisms
participating in the food chain in the simplest ways (Villela, 2006). Water and air pollution has
plagued the Earth for the past century. As a result, mankind has been advancing its efforts in
pollution reduction and prevention (Davydov, 2001). Many water supplies are polluted and
contaminated with toxic inorganic and organic substances like carcinogens, such as
polychlorinated biphenyls (PCBs), bacteria from sewage, dioxins, and other hazardous nonbiodegradable compounds (Ball, 2001). Many pollutants, such as pesticides and halogenated
hydrocarbons, can be persistent in the environment and are hazardous with chronic exposure at
ppm and ppb concentrations (Shertzer et al., 2004).

2

Figure 1.1: Different sources of water pollution.
(http://politicspeaksvalleys.files.wordpress.com/2009/04/nonpointsources.jpg; 9/29/2003 NOAA

magazine)
Rather than the use of a single unit alone, water treatment must often rely on the
combination of two or more unit operations in order to generate the desired water quality (Ollis,
2003). Water decontamination and disinfection is recognized by the World Health Organization
(WHO) as one of the most crucial obstacles for human health protection. Organic contaminants
like pesticides and other harmful non-biodegradable compounds have been found in water since
the 1950s and 1960s. Scientific attention on water pollution exploded in the 1980s when the oil
spill of the oil tanker, the Exxon Valdez, showed to many around the world just how horrible the
effects of water pollution could be (Davidson, 1990). Throughout the last decade, the amount of
related patents and references on heterogeneous photocatalytic removal of toxic and hazardous
compounds from air and water are in the thousands (Blake, 1994). In the year of 1998, the EPA
(US Environmental Protection Agency) made an inventory of more than 800 molecules that can
be broken down by different processes as shown in Table 1.1 (Robert and Malato, 2002).
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Table 1.1: Main categories of pollutants*.

Utilization

Products

Chlorinated Solvents

Chloroform, carbon tetrachloride,
trichloroethylene, chlorobenzene, etc.
Acetone, acetonitrile, benzene, cyclohexane,
formaldehyde, phenol, methylbenzene
Aldrin, dichlorvos, lindane, parathion,
Monocrotophos, etc.
Atrazine, monuron, etc.
Acid orange 7, green malachite, naphtol blue
Black, etc.
Octoxynol (triton X-100), etc.

Non- Chlorinated Solvents
Insecticides
Pesticides
Dyes
Detergent
*(Robert and Malato, 2002)

Sewage treatment plants and treatment of natural waters for contribution into city water
supplies are also important water clean-up efforts (Shertzer et al., 2004). The cost-effective
improvement of contaminated waters that contain organic industrial chemicals is a wellrecognized need in the modern world (Hoffmann et al., 1995). A variety of technologies that
include chemical, physical, and biological processes have been used to remove organic and
inorganic contamination from water. Treatment of urban wastewater with physical and biological
techniques, which greatly reduce pollution, is not enough to comply with current standards, as
they are becoming stricter. The trends are towards greater use of chemical treatment and
advanced filtration to comply with standards and to recycle more used water (Hincapié et al.,
2005).
Conventional methods for the decontamination of chemicals in water can add
considerable costs and delay to production systems (Anipsitakis and Dionysiou, 2004). Physical
and chemical methods include the use of anion exchange resins (Karcher et al., 2002), flotation
(Lin and Lin, 1993), ozonation (Zang et al., 2002), electroflotation, electrochemical destruction,
irradiation (Shen and Wand, 2002), adsorption (Nasser and El-Geundi, 1991), filtration, and the
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use of activated carbon (Pala and Tokat, 2002). Some of the physical and chemical treatment
techniques are effective for water decontamination but use more energy and chemicals than
biological processes. However, biological processes take longer times to complete. Chemical
treatments also concentrate the pollution into solid or liquid sidestreams requiring additional
treatment or disposal. The wider application of physical and chemical treatment techniques in
the industry is therefore hampered by toxicity and /or cost considerations (Edwards, 2000; Lin
and Chen, 1997).
Many ways of cleansing water have been discovered.

Several treatments remove

pollutants using intense ultraviolet light (Ball, 2001). However, these methods are not very
sensible and affordable for many countries. Cheap, safe and environmentally friendly ways of
detoxifying water are needed urgently.

The study of heterogeneous photocatalyst assisted

oxidation methods, which have been proven to effect full mineralization of organic pollutants,
has been prompted by the search for economic ways to eliminate organic pollutants (Anipsitakis
and Dionysiou, 2004). Ever since the late 1970s, a series of process concepts based chiefly on
aqueous phase hydroxyl radical chemistry have been proven to entirely destroy (mineralize),
under appropriate circumstances, a varied range of organic, halo-organic, and metallo-orange
compounds found as dilute pollutants of aquifers, well waters, and surface waters or as
components of domestic and industrial wastewater runoff or waste disposal site leachates*.
Many researchers have proven that most organochloride compounds as well as many
pesticides, herbicides, surfactants and coloring agents are fully oxidized into non-toxic products
like carbon dioxide, water and hydrochloric acid (Robert and Malato, 2002). These chemical
______________________________________________________________________________
*

―A report by the Committee on Potential Applications of Concentrated Solar Photons, Energy Engineering Board,

Commission on Engineering and Technical Systems and National Research Council, Chap. 2, 1991‖.
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processes, commonly referred to as Advanced Oxidation Processes, comprise of water treatment
with the mixed oxidants, ozone, and hydrogen peroxide, (Glaze, 1990) as well as photolytic
ozonation (ultraviolet light plus ozone (Glaze, 1990; Peyton, 1990; Zeff, 1990)); Photolytic
peroxideation (UV light plus hydrogen peroxide) (Glaze, 1990; Peyton, 1990); and
photocatalysis (near ultraviolet light plus photocatalyst and oxidant (oxygen and/or hydrogen
peroxide)) (Ollis and Serpone, 1989; Ollis, 1985). Simpler methods involving only photolysis,
ozonation, or peroxide alone usually are not able to achieve total contaminant mineralization,
while Advanced Oxidation Processes can achieve this task. This achievement is singularly
important given that it shows concurrent water purification and destruction of the hazardous
pollutants*.
Within the new oxidation techniques or Advanced Oxidation Processes, heterogeneous
photocatalysis can be seen as an emerging destructive technology leading to the full
mineralization of many organic pollutants (Schiavello, 1988; Serpone and Pelizzetti, 1989;
Guillard, 1993; Al-Ekabi et al., 1993; Bahnemann et al., 1994; Legrini et al, 1993; Herrmann,
1999; Karkmaz et al., 2004; Fox and Dulay, 1993; Ray, 1999). Heterogeneous photocatalysis
uses light to stimulate the catalyst. Photocatalysis calls for solar photons in the 300 to 360 nm
range (near the UV-spectrum), composing about 1 to 2 percent of the sea-level solar irradiance
(Blake, 1990).

Within this section of the solar spectrum, an aptitude exists for a water

refinement process based on solar- driven photocatalytic oxidation*.

Wide bandgap

semiconductor metal oxides, like TiO2, ZnO, and CdS, are photocatalysts and have been shown
to increase the oxidation rates of water borne contaminants (Houas et al., 2001; Goutailler et al.,
______________________________________________________________________________
*

―A report by the Committee on Potential Applications of Concentrated Solar Photons, Energy Engineering Board,

Commission on Engineering and Technical Systems and National Research Council, Chap. 2, 1991‖.
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2001; Pozzo et al., 1997).
The photocatalyst titanium dioxide (titania) is a promising alternative which oxidizes
organic compounds when stimulated by ultraviolet light (Ball, 2001). Due to the fact that it is
cheap, biologically and chemically inert, insoluble under most conditions, non-toxic,
photostable, can be used for extended periods without substantial loss of its activity, and more
importantly can even be activated by sunlight, TiO2-based photocatalysis is more desirable than
other traditional chemical oxidation methods (Ray, 1999).
1.1

IMPORTANCE OF SEMICONDUCTOR POROUS METAL OXIDES
Porous metal oxide solids have been and continue to be brilliant topics of study and

candidates for material science research. Porous metal oxides have a range of functions and
purposes. They are significantly important as photocatalysts (Shibata et al., 1987; Takata et al.,
1997; Takata et al., 1997; Ikeda et al., 1998; Ikeda et al., 1998; Domen et al., 1990; Domen et al.,
1993; Ebina et al., 1996; Kim et al., 1991; Kim et al., 1993) to purify the contaminants in water,
as molecular sieves for adsorption separations, and as outstanding thermal insulators because of
their extremely low conductivities (Kresge et al., 1992; Beck et al., 1992; Kresge et al., 1992).
The basis for the use of porous metal oxides in molecular adsorption is their shape-selective
features. The capability to selectively adsorb specific molecules while leaving others out has
opened up a wide range of molecular sieving applications. They can also be used as electrode
materials (Samuneva and Dimitrov, 1991), as immobilizing media (Carreon and Guliants, 2005),
and as ion exchange (Kim et al., 1997) to soften hard water. Using an ion exchange softening
method, hard water can be softened. Porous metal oxide and resins with ―open‖ structures can
contain a broad assortment of positive ions, such as Mg2+, K+, Ca2+, Na+. These positive ions are
rather loosely held and can easily be exchanged for others in a contact solution (Kim et al.,
7

1997).

Porous metal oxides are extensively used as ion-exchange beds in domestic and

commercial water purification and water softening due to their capability to exchange ions.
Membranes and sensors are the specific interest areas of porous metal oxides (Samuneva and
Dimitrov, 1991; Sayama et al., 1990; Domen et al., 1986). A barrier which is competent in
separating components in a gas or liquid steam by means of a driving force such as a gradient in
pressure, electric potential or chemical potential is called a membrane. The use of manmade
membranes for the desalination of seawater, because of their great stability, is a good example of
their application; porous inorganic membranes can be used in catalytic membrane reactors and
for high temperature and pressure separation methods. Also, sensors are able to identify the
chemicals or gas in the environment (Yesu, 2006). Water treatment, anti-fogging effect, anti
bacterial effect, self-cleaning effect and air-cleaning effect are major areas of activity in titanium
dioxide photocatalysis (Benedix et al., 2000).
For the past few decades, researchers have shown immense curiosity for the assets and
features of porous metal oxides. In Figure 1.2, the number of publications listed up on porous
material research using the American Chemical Society’s Scifinder Scholar database is shown
(Yesu, 2006).

Considering the progress of technologies for purification of air and water,

photocatalysis has become more and more appealing for industry in the last 10 years.
Photocatalysis technology, in contrast with traditional advanced oxidation processes, is known to
have some advantages such as ease of setup and operation at ambient temperatures, no need for
post processes, low consumption of energy and accordingly low costs (Benedix et al., 2000).
The financial side of semiconductor photocatalysis was examined in comparison with activated
carbon adsorption. The costs of both methods turned out to be similar. Matthews, however,
predicted that photocatalysis could become a cheaper method in the future as catalyst efficiencies
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were enhanced as well (Matthews, 1993). Moreover, the cost of treating wastewater using TiO2
photocatalysis was verified in 1996 to be $5.22 (US) per 3785 liters of waste compared to a price
of $6.25 for activated carbon adsorption (Rajeshwar, 1996).

Figure 1.2: Number of publications on porous metal oxide listed by Scifinder Scholar.
(Yesu, 2006)
Research on the breakdown of water into hydrogen and oxygen by irradiation with light
began studies on photocatalysts. No photocatalyst has thus far been commercialized for the
photodecomposition of water due to a lack in efficiency, high production cost, etc. A range of
photocatalysts for water decomposition have been developed and disclosed, many of which
utilize TiO2 (Mori, 2005). Researchers have shown that photocatalysis could be used for treating
highly loaded industrial wastewaters. Among the wastewater treatment technologies being used
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for the removal of organic matters such as dyes, UV photocatalysis with semiconductor materials
is being considered as a very effective method (Robinson et al., 2001; Mattioli et al., 2002).
Under band gap irradiation (the so-called band gap energy, Eg, is the energy difference between
the highest energy level of the valence band (VB) and the lowest energy level of the conduction
band (CB).

It matches up to the minimum energy of light needed to make the material

electrically conductive (Benedix et al., 2000)).

Semiconductor photocatalysts produce

superoxide ions and hydroxyl radicals when holes and electrons react with water and dissolved
oxygen gas. Numerous reports in the literature demonstrate that a diverse variety of compounds
can be effectively photodegraded by the mechanism of oxidative destruction involving hydroxyl
free radicals and superoxide ions (Kumara et al., 1999). Hydroxyl radicals with their oxidation
potential of 2.8 V are the second strongest oxidative species after fluorine and can oxidize most
organic molecules (Houari et al., 2005; Robertson, 1996; Hoffmann et al., 1995).
Charge separation takes place when certain semiconductors are irradiated with light of
energy greater than the band gap energy of the semiconductor. At that time, the photocatalyst
activates an oxidation-reduction reaction in a surrounding solution using the electrons and holes
produced by the charge separation. The band energy positions of the semiconductor and the
redox potentials of the adsorbates govern the ability of a semiconductor to undergo photoinduced
electron transfer to adsorbed species.

It is thermodynamically necessary for the relevant

potential level of the acceptor species to be below the conduction band of the semiconductor. If
not, it is required for the potential level of the donor to be above the valence band position of the
semiconductor in order to contribute an electron to the empty hole. TiO2, particularly, with fairly
large band gap energy of 3.0 to 3.1 eV can attain a vigorous oxidation-reduction reaction with
the ultraviolet rays present in our living environment.
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Several semiconductors’ band-edge

arrangements are shown in Figure 1.3 and Table 1.2. Porous metal oxides composed of niobium
and titanium metal oxide have wide band gap and have demonstrated success in the complete
mineralization of organic pollutants in water (Samuneva and Dimitrov, 1991). It is well-known
that active oxygen and radical species living in the presence of oxygen and water play a part in
the oxidation-reduction reaction, and that various functions of the photocatalysts are realized by
this reaction (Mori, 2005; Benedix et al., 2000).

Figure 1.3: Energy structures of typical photo semiconductors.
(Fujishima et al., 1999; Mori, 2005; Benedix et al., 2000)
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Table 1.2: The energy band positions of a few common semiconductor photocatalysts in aqueous
solution at pH=7*.

*(Robertson, 1996)

Heterogeneous photocatalytic oxidation with TiO2 meets the following requirements that could
make it competitive with other processes that oxidize contaminants (Benedix et al., 2000):


A low-cost material is used as a photocatalyst.



The reaction is rather fast at mild operation conditions (room temperature,
atmospheric pressure).

1.2



A wide range of organic contaminants can be converted to water and CO2.



No chemical reactants must be used and no side reactions are produced.

OPERATING AND BASIC PRINCIPLES OF HETEROGENEOUS PHOTOCATALYSIS AND
TYPES OF PHOTOCATALYSTS
Heterogeneous photocatalysis is one of the most promising technologies among the

different possibilities for producing hydroxyl radicals in water (Malato et al., 2003). The initial
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photocatalytic oxidation reactions can occur when a solution containing a semiconductor (SC)
absorbs a photon (hυ) of a suitable wavelength. An electron (e-) is advanced from the valence
band to the conduction band when a photon with energy of hυ surpasses the energy of the band
gap, leaving a hole (h+) behind. The produced charge-carriers are instantly recombined in
electrically conducting materials such as metals. In semiconductors, the electron and hole pair
may recombine and generate heat, however a part of these photo-excited electron-hole pairs
diffuse to the surface of the catalytic particle (electron-hole pairs are entrapped at the surface).
However, if they are separated and survive long enough, they can play a part in in the chemical
reaction with the adsorbed donor (D) or acceptor (A) molecules and become involved in electron
transfer reactions with other species, such as oxidation or reduction of organic molecules in the
solution, oxygen and water. The conduction band electrons can reduce appropriate electron
acceptor molecules whereas the holes can oxidize donor molecules. For oxidation to occur, the
valence band must have a greater oxidation potential than the material under consideration. The
strong oxidation power of their holes h+ is a characteristic quality of semiconducting metal
oxides. They are able to react in a one-radical electron oxidation step with water to create the
highly reactive hydroxyl (•OH). Both the holes and the hydroxyl radicals can be used to oxidize
a large amount of organic contaminants and are very powerful oxidants. Air oxygen generally
acts as an electron acceptor by developing the super-oxide ion (O2•). Also, super-oxide ions are
highly reactive particles that are able to eventually oxidize organic materials (Houari et al., 2005;
Robertson, 1996; Hoffmann et al., 1995; Benedix et al., 2000) (See Figure 1.4 and Figure 1.5).

13

Figure 1.4: A diagram of the forming of the radicals by holes and electrons on TiO2
photocatalysts.

Wide bandgap SC

Direct
oxidation at
the surface
also occurs

Figure 1.5: Schematic of the photocatalytic process using a semiconducting particle of TiO 2.
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1.3

TiO2 AS A PHOTOCATALYST
TiO2 is by far the most studied and known photocatalyst (Alfano et al., 2000). It is non-

toxic, cheap and abundant and one of the fundamental materials in daily life. Titanium dioxide,
in general, is a semiconducting material that can be chemically activated by light. This catalytic
material has generally been demonstrated to be one of the most active semiconductor materials
that can be used to detoxify water, when tested under comparable conditions against other
similar materials. The photocatalytic effectiveness is shaped by both photocatalytic conditions
such as initial concentration of chemicals, light intensity, catalyst concentration, dispersity of
catalyst, and pH value and material characteristics (e.g. phase structure, phase type, crystallinity,
surface hydroxyls, surface area, and particle size) (Mori, 2005, Bao et al., 2004; Benedix et al.,
2000).
Three different crystalline types of TiO2 are recorded in Table 1.3 as representative
photocatalysts. Regular TiO2 for pigment is of the rutile type, and its crystal size amounts to
several hundreds of nm in size. Nanocrystalline anatase, compared to rutile and brookite, is in
the main recognized as the most dynamic phase in titania photocatalysts (highest photoactivity)
with very small crystal size, measuring about 20 nm. Hence, TiO2 for photocatalysts is more
translucent than usual TiO2 for white pigment, and a colorless translucent photocatalytic layer
may be attained if the layer thickness amounts to 1 μm or less. Several manufacturing methods
for titanium oxides as photocatalysts have currently been studied, and the brookite, rutile, and
amorphous types (for precursors) of TiO2 photocatalysts have been formed, excluding the
anatase type (Mori, 2005; Benedix et al., 2000; Guillard et al., 1999).
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Table 1.3: Types and physical properties of titanium oxide*.

*(Kiyono, 1991; Mori, 2005)
TiO2 is very well-known as a semiconductor with a band gap energy Eg=3.1 eV. If this
material is irradiated with photons of the energy>3.1 eV (wavelength λ<387 nm), the band gap is
surpassed and an electron is advanced from the valence to the conduction band, (Benedix et al.,
2000)
1.4

MECHANISMS OF HETEROGENEOUS PHOTOCATALYSIS
One way to eliminate organic pollutants in water is to use UV light and a photocatalyst,

such as hydrogen peroxide, in the water. The UV light reacts with the photocatalyst to create
hydroxyl radicals that swiftly destroy the chemical bonds of the pollutant. This technique
eliminates the contaminant millions of times faster than conventional oxidants such as ozone or
oxygen (Hoffmann et al., 1995; Peral et al., 1997). A fairly new method of decontamination of
aqueous and air streams is heterogeneous photocatalysis which can be carried out in various
means: pure organic liquid phases, gas phases, or aqueous solutions. The general method of
traditional heterogeneous catalysis can be broken down into five individual steps in which the
photocatalytic reaction occurs in the adsorbed phase (step No. 3) (Herrmann et al., 1999):
1. Transfer of the reactants to the surface in the fluid phase
2. Adsorption of at least one of the reactants
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3. Reaction in the adsorbed phase
4. Desorption of the product(s)
5. Removal of the products from the interface region
Fujishima and Honda first discovered photocatalytic water splitting on TiO2 in 1972
(Fujishima and Honda, 1972).

This became the start of a new era in heterogeneous

photocatalysis. Ever since then, it has obtained great academic interest as a very appealing, nonselective room-temperature method for the decomposition of organic contaminants. TiO2 is the
most examined semiconductor in the field of storage of solar energy and chemical conversion,
even though it absorbs only about 5% of the solar light reaching the surface of the earth.
Semiconductor photocatalysis using TiO2 has been applied, in recent years, to significant
problems of environmental attention such as detoxification of air and water (Hoffmann et al.,
1995; Peral et al., 1997; Benedix et al., 2000). In spite of this, it has attained a very inadequate
amount of commercialization (Surender et al., 1998). This tendency is mainly related to the low
reaction rates demonstrated by generally known photocatalysts.
Principally owing to their electronic configuration, semiconductors can make lightinduced charges available for redox techniques (Hoffmann et al., 1995). They are characterized,
particularly; by a filled valence band and empty conduction band (Kamat, 1993). The basic
mechanism of photocatalytic degradation comprises of a number of steps which have been
profoundly described in various literature (Hoffmann et al., 1995; Turchi and Ollis, 1990).
Every single photocatalyst has to retain semiconducting properties so as to be able to perform
photoinduced reactions. A simplified diagram of the photocatalytic mechanism is presented in
Figure 1.5. Heterogeneous photocatalysis, amongst the new oxidation techniques or ―advanced
oxidation processes‖ (AOP), seems like a promising destructive technology leading to the
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complete mineralization of many organic contaminants (Schiavello, 1988; Serpone and
Pelizzetti, 1989; Herrmann et al., 1993; Ollis et al., 1993; Bahnemann et al., 1994) following the
proposed mechanism below (Davydov, 2001; Karkmaz et al., 2004; Herrman, 1999; Kabra et al.,
2004; Robert and Malato, 2002; Houas et al., 2001; Benedix et al., 2000; Robertson, 1996).
First, it begins with the absorption of light by the semiconductor particle. This may
trigger the excitation of the semiconductor, which raises an electron from the valence band to the
conduction band of the semiconductor. Accordingly, the chief process is the charge-carrier
generation:
 Absorption of efficient photons by titania (hʋ ≥ Eg = 3.1 eV)
TiO2 + hʋ → e− (CB) + h+ (VB)
To be able to execute such a transition, the absorbed light must be of energy higher than the
bandgap energy of the semiconductor (for example, for TiO 2 it must be above 3.1 eV). Based on
the type of semiconductor used, some of the electrons and holes can recombine to give off a
quantum of energy or to release heat. The life span of an e --h+ pair is a few nanoseconds (Bussi
et al., 2002; Kabra et al., 2004), although this is still long enough for triggering redox reactions
in the solution or gas phase in the contact with the semiconductor:
h+ + e- → heat
This is followed by formation of highly reactive radicals (like •OH) at the semi-conductor surface
and/ or a direct oxidation of the polluting species (Robert and Malato, 2002; Pozzo et al., 1997 ).
The unrecombined energized electron-hole pairs could also be dissipating energy, or be
obtainable for redox reactions with electron donor or acceptor species adsorbed on the
semiconductor surface, or be close by in the electrical double layer adjoining the particle. These
types of electron-hole pairs can go through the boundary charge transfer and react with the
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surface species. Charge balance would potentially be sustained by electron consumption through
reduction of adsorbed oxygen species resulting from dissolved molecular oxygen, or other
electron acceptors. Holes, particularly, can react with the adsorbed organic compounds (RH) or
surface hydroxyl groups:
h+ + RH → R• + H+
h+ + OH → OH•

Also, electrons can decrease the surface of titanium atom or hit the adsorbed oxygen or a
different electron acceptor. In the case of the first scenario, the titanium atom is re-oxidized by
the next accessible hole (which is basically the same as recombination):
Ti+4 + e- → Ti+3
Ti+3 + h+ → Ti+4
The electron can be given to an electron acceptor like a metal ion (with a redox aptitude more
positive than the band gap of the photocatalyst) or an oxygen molecule (leading up to the
creation of superoxide radical). This metal ion is able to be reduced to its zero valence status and
be accumulated on the surface of the catalyst. The electron-transfer method is more proficient if
the species are preadsorbed on the surface.
A radical anion is created, in the instance of an electron reacting with oxygen, which is capable
of further reacting to make hydrogen peroxide or other active oxygen radicals:
 Oxygen ionosorption
(O2) ads + e−(CB) → O2•
O2• + H+ → HO2•
HO2• + e- + H+ → H2O2
 Neutralization of OH− groups into OH• by photoholes
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(H2O ⇔ H+ + OH−) ads + h+ (VB) → H+ + OH•

The radicals produced by electrons and holes are able to attack the organic (or oxidizable and
reducible inorganic) species existing in the solution or gas phase. It is generally agreed to that the
function of hydroxyl radicals is to abstract the hydrogen atom from the a-carbon (Mori et al.,
1989):
 Oxidation of the organic reactant through successive attacks by OH • radicals
RH + OH• → R• + H2O
At that time, the resultant radical can be attacked by whichever of the reactive oxygen radicals
forming hydroxy-substituted species:
OH• + R• → ROH
Or tetraoxide species (Gerischer and Heller, 1991):
R· + O2 + HO2• → ROOOOH
This last reaction leads up to the discharge of water and CO2. In this way all of the organic
compounds can be oxidized to CO2 and water (Kabra et al., 2004; Herrmann, 1999). Target
compound removal and mineralization is commonly preferred.

The total oxidation of

hydrocarbons, etc, to H2O, CO2, and other forms (sulfate, nitrate, etc.) for heteroatoms has been
investigated. Simple compounds generate mineralization swiftly; for instance, (Turchi and Ollis,
1990) for simultaneous and individual photocatalytic oxidation of benzene and perchloroethylene
the complete ultimate recovery of all carbon converts into CO 2 (Ollis, 2000).
 Or by direct reaction with holes
RH + h+ → R•+ → degradation products
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As an example of the previous process, holes can react unswervingly with carboxylic acids
generating CO2 as presented in the so-called photo-Kolbe reaction:
RCOO− + h+ → R• + CO2
 Reduction of a metal ion (M n+), if exists, and recovery of them by means of the
electrons in the conduction band and transformed to their less-toxic/nontoxic
metallic forms.
ne- + Mn+ → M0 (Metal in its ground state) (Kabra et al., 2004; Herrmann, 1999)
The reactions are shown above are for the idealized case of total oxidation or reduction.
It has been generally observed that intermediates and by-products are repeatedly created. Total
oxidation of any pollutant advances through one or more intermediates as indicated by the
complication of the original reactants.

These can contain a range of oxygenated organic

compounds, carbon monoxide, and mineral acids. The characteristics of the intermediates can be
utilized as a tool for uncovering details of the chemical mechanism for the photocatalytic
method. The remaining procedure requires oxidizing the organic compound to an intermediate
stage of oxygen content or to the finishing products: carbon dioxide, water, and a mineral acid
such as SO42-, NH4+; Cl- and NO3- (if a heteroatom like nitrogen, sulfar or chlorine is present).
Further oxidizing agents may be replaced for oxygen. Some of these may be challenging, in
which case further treatment time may obliterate the intermediates: a basic example is the
appearance, and disappearance, of vinyl bromide throughout the photocatalytic destruction of the
fumigant (now suspended) ethylene dibromide (EDB) (Nguyen and Ollis, 1984; Blake, 1999).
Various perceptible intermediates become unwelcome byproducts and are quite recalcitrant: an
example yet again is trichloroacetate (Kennecke et al., 1993) which is a remnant byproduct
throughout trichloroethylene destruction in water.
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Levels of unwanted byproducts can be

reduced through suitable choice of process condition in this area, as the same with the handling
of products of incomplete combustion (PICs) in the incinerative approach to waste treatment
(e.g., contact time) (Ollis, 2000). Certain metal ions from water can be customized or detached
when the ions substitute oxygen as the electron acceptor in the method and are deposited as
lower oxidation state oxides or metals on the surface of the photocatalyst. These procedures are
more successful when sacrificial electron donor compounds are given. The degradation, in most
instances, is conducted for dissolved compounds in water with UV-illuminated TiO2 powder
(Blake, 1999).
1.5

PHOTOCATALYTIC WATER DECONTAMINATION BY TOTAL MINERALIZATION OF
ORGANIC POLLUTANTS IN THE AQUATIC ENVIRONMENT
One of the most hopeful technologies amongst the various possibilities for producing

hydroxyl radicals in water is heterogeneous photocatalysis (Malato et al., 2003). Great interest
has been given to its application in aqueous environments; since it is suitable for treating water
with organic pollutants (contain hydrogen, carbon, and oxygen e.g. petroleum products), it does
not require the accumulation of any additional chemicals, and it can cause the total
mineralization of organic compounds. Merging this technology with solar energy is of great
attraction for sunny places (Houari et al., 2005).
A wide range of organics could be thoroughly degraded and mineralized into nontoxic
substances such as H2O, CO2, and harmless inorganic anions (Herrmann, 1999). Organic matters
containing Cl, N, or S are changed to diluted inorganic (mineral) acids such as H 2SO4, HNO3,
and HCl, and organic carbon modify to CO2 (Herrmann, 1999; Fernández et al., 2005). In 1976,
one of the first reported instances of the use of semiconductor photocatalysis in the obliteration
of organic compounds was reported by Carey et al. (Carey et. al., 1976). They accounted the
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successful degredation of byphenyl and chlorobyphenyls in the occurrence of TiO2.

The

obliteration of many materials using TiO2 has been studied since then.
Scientists reported, in 1981, that quite a few aromatic hydrocarbons could be oxidatively
cut when reversibly adsorbed onto the surface of an irradiated suspension of TiO 2 (Fox and
Chen, 1981). The dearomatization is quick, for aromatic, even in the instance of deactivating
substituents on the aromatic ring. The fracturing of the bond is simple if an aliphatic chain is
conjoined to the aromatic ring. The oxidation of carbon atoms into CO 2 is quite simple. On the
other hand, it is obviously slower than the dearomatization of the molecule. The lack of total
mineralization, thus far, has been noticed only in the case of s-triazines herbicides, for which the
final product acquired was not toxic. This is because of the great stability of the triazine nucleus,
which withstands most oxidation techniques. These studies were consequently expanded to
comprise of a broad range of organic materials including ketones, alkenes, aldehydes, arenes,
esters, acids, amides, amines, ethers, thioethers, organosilanes, organohalids, and phosphonates
(Fox and Chen, 1981; Tahiri et al., 1998; D’Oliveira et al., 1990).
Chloride ions are easily released in the solution from chlorinated molecules (Tahiri et al.,
1998; D’Oliveira et al., 1990), and this could be of appeal in a method where photocatalysis
would be linked with a biological depuration system which is commonly not proficient for
chlorinated compounds. The equation specified below can be regarded as the fundamental
reaction for the degradation of chlorinated compounds and aromatic hydrocarbons like
chloroform, trichloroethylene, and chlorophenols (Kabra et al., 2004):
hv /TiO
2

CnHmOzCly + xO2  nCO2 + yHCl + wH2O
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The use of TiO2 in the total destruction of numerous halogenated hydrocarbons including
methylene chloride, trichloroethane, carbon tetrachloride and chloroform was also recounted by
Ollis et al. It was determined that the destruction of these materials was signified by a simple
Langmuirian rate equation (Hsiao et al., 1983; Turchi and Ollis, 1989).
A difficulty encountered in various former military installations in the United States is
trinitrotoluene (TNT) contamination. In a TiO2 slurry reactor with %90 mineralization taking
place during 120 minutes, the destruction of TNT has been attained. This method is very
effective for the destruction of these extremely toxic and explosive materials, according to these
results (Schmelling and Gray, 1995).
TiO2 destruction of biological materials such as Escherichia Coli (E. Coli) has been
studied. A decrease in the concentration of practical organisms of seven orders of magnitude
within six minutes photolysis has been accounted. The concentration of the E. Coli was below
the limits of analysis after nine minutes reaction time (Ireland et al., 1993).
The growth of a variety of waste treatment cells using a TiO2 photocatalyst such as an
immobilized film and suspended particle reactors were studied by Matthews. A thin film coating
of TiO2 applied to the interior surface of a spiral glass tube was integrated in a successful reactor.
While being light up with UV, the solution containing the waste runoff was then pumped through
the tube. With 96% destruction being reported within ten minutes, this cell was quite proficient
in the elimination of a range of organic pollutants (Matthews, 1989). Another system that has
obtained much attention has been also developed.

It was based on a plate vortex reactor

lightened lit from above by a UV light source. A thin film set bed reactor was formed and the
TiO2 photocatalyst was immobilized on an inclined plate over which, while illuminated from
above, a thin film around 100 µm of the waste water flowed (Christensen et al., 1994;

24

Hilgendoriff et al., 1992). In another study, a TiO2 suspension reactor illumined with sunlight
for the elimination of phenol was examined. The concentration of this material was reduced
from 10 ppm to 10 ppb within 80 minutes, with nearly total mineralization in 110 minutes
(Matthews, 1992).
Nitrogen-containing molecules are mineralized into NH4+ and mostly NO3− (Maillard et
al., 1992). Ammonium ions are comparatively stable and the proportion relies mostly on the
irradiation time and on the initial oxidation degree of nitrogen (Low et al., 1991). The
contaminants possessing sulfur atoms are mineralized into sulfate ions (Kerzhentsev et al., 1993;
Kerzhentsev et al., 1996; Low et al., 1991). Organophosphorous pesticides create phosphate ions
(Kerzhentsev et al., 1993; Kerzhentsev et al., 1996; Harada et al., 1987; Harada et al., 1990).
Phosphate ions in the pH range used, nevertheless, stayed adsorbed on TiO 2.

This strong

adsorption partly slows down the reaction rate which, nonetheless, remains satisfactory
(Kerzhentsev et al., 1993; Kerzhentsev et al., 1996; Abdullah et al., 1990). A large amount of
the pollutants which are in the non-exhaustive list, as specified in Table 1.4, vanish following an
apparent first order kinetics (Herrmann, 1999, Robert and Malato, 2002).
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Table 1.4: General non-exhaustive list of aqueous organic pollutants mineralized by
photocatalysis*.
(Complete list established by Blake, 1994)

*(Herrmann, 1999)
The following describes the advanced oxidation process (AOP), which is centered on the
production of hydroxyl radicals (OH•) when a catalytic semiconductor powder, like TiO2, is
photoexcited with UV radiation of wavelength equivalent or lower than 390 nm in the presence
of water. The absorption of one UV photon produces electron/hole pairs (e CB-/hVB+) in the
valence band (VB) and the conduction band (CB) of the semiconductor. All the potential
catalytic reactions of the TiO2 photocatalysis are complex and include the water, the surface
groups of the catalyst, and the dissolved oxygen from the air. They are summed up by the
equations below (Herrmann, 1999; Fernández et al., 2005):
H2O + hVB+→OH• + H+
-

O2 + eCB → O2•
OH• radicals originating from water through the OH− groups of titania’s surface (Herrmann,
1999):
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(H2O⇔ H+ + OH−) + p+ → H+ + OH• Substrate

 Intermediates→ Final Products
(CO2; H2O; X−; A− …)
Therefore, by only applying UV light and a low cost non-toxic catalyst, hazardous toxic
compounds in water are destroyed (Malato et al., 2002; Gelover et al., 2004). Many researchers
have shown that most organochloride compounds as well as many pesticides, herbicides,
surfactants and colorings are completely oxidized into non-toxic products like carbon dioxide,
hydrochloric acid, water and other ultimate forms (nitrate, sulfate, etc.) (Robert and Malato,
2002; Ollis, 2000). In 1998, the EPA (US Environmental Protection Agency) made an inventory
of more than 800 molecules that can be degraded by this process (Robert and Malato, 2002).
The degradation of many different model compounds has been studied, and it has been
clearly shown that most of the organic pollutants present in water such as halogenated
hydrocarbons, aromatic hydrocarbons, nitrogen-containing heterocycle compounds, hydrogen
sulfide, surfactants, herbicides, and metal complexes in water solutions can be fully decomposed
(Alfano et al., 2000).
The chemical Abstract Service Registry records over five million ―known‖ substances
which do not consist of all the intermediate degradation products or naturally occurring
compounds. Nearly seventy thousand chemicals are made use of worldwide, and it is also
projected that one thousand new chemicals go into commercial production every year. The
greater part of organic contaminants come from the following industrial categories: steel milling
and coal conversion, organic chemicals and synthetic industries, textile processing, petroleum
refining, pulp and paper milling.
In view of the fact that consumers also have a relevant role, the industries are not the only
sources of contaminants. The use of fuel for transportation, aerosol sprays, pesticides, fertilizers,
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and detergents lead to the emission of pollutants straight into the environment. Further means of
aquatic environment contamination crop up from effluents from wastewater treatment plants,
uncontrolled or poorly chosen landfill hazardous waste sites, and accidental spills (U.S. EPA,
1979).

As a result, over 700 specific compounds, several of them proven or potentially

hazardous, have been recognized in sources of drinking water in the US (Stachka et al., 1984). It
is also worth mentioning that the wide range of compounds can be changed into potentially
hazardous substances in the path of treatment, mainly by halogenation, e.g. chloroform (NAS,
1977). The condition of groundwater also deserves equal concern as a result of the time linked
with the migration and subsequent appearance of contaminants after the initial entry of the
substance (Mackay et al., 1985; Cohen, 1986). The US Environmental Protection Agency (EPA)
documented 129 compounds and elements, ten years ago, from 65 pollutant classes. These
compounds and elements are often indicated as ―priority pollutants‖. 114 organic compounds
are included, and their categorization into 9 general groups is specified in Table 1.5 (Schiavello,
M. 1988). Many of these contaminants are hydrophobic and their environmental behavior differs
distinctly between adsorbed or dissolved states (Voice and Weberj, 1983; Mackay and Powers,
1987). Photochemical and photocatalytic methods are of chief significance at the interfaces
(Schiavello, M. 1988). Also, a general list of various families of organic pollutants which can be
treated by photocatalysis has been compiled by Blake (Blake, 1997).
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Table 1.5: U.S. EPA’s priority pollutants*.
Compounds

Number of Compounds

Organics
Pesticides and Metabolites

21

Polychlorinated Biphenyles (PCB’s)

7

and related compounds
(6 PCBs and 2-chloronaphthalene)
Halogenated Aliphatics

26

Ether

7

Monocyclic Aromatics

12

(Excluding phenols, cresols and phthalates)
Phenols and cresols

11

Phthalate Esters

6

Polycyclic Aromatics

16

Nitrosamines and other

7

nitrogen-containing compounds

Inorganics
13

Metals
Asbestos
Cyanides
*(Schiavello, M. 1988)
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1.6

INORGANIC POLLUTANT DETOXIFICATION OR REMOVAL

1.6.1 Inorganic Anions
By using TiO2 as a photocatalyst, a range of toxic anions can be oxidized into nontoxic or
less toxic compounds. For example, nitrite is oxidized into nitrate (Zafra et al., 1991; Hori et al.,
1985), sulfide, sulfite (Frank and Bard, 1977) and thiosulfate (Herrmann et al., 1988) are
transformed into either isocyanide (Frank and Bard 1977) or nitrogen (Hidaka et al., 1992) or
nitrate (Pollema et al., 1992). (Herrmann, 1999)
1.6.2 Noble Metal Recovery
Heavy metals are commonly toxic and can be eliminated from industrial waste effluents
(Herrmann et al., 1988; Frank and Bard, 1977; Hidaka et al., 1992; Pollema et al., 1992;
Herrmann et al., 1986) as tiny crystallites accumulated on the photocatalyst. According to the
following redox process in Figure 1.6, heavy metals dissolved in water can be removed from
industrial waste effluents, by reducing them to their zero valent state precipitating them onto the
surface of a semiconductor photocatalyst (see Figure 1.7). Photocatalysis has been shown to be a
very efficient method for treating dark wastewater, which loses its bad smell and turns clear
(Malato et al., 2003; Herrmann, 1999).

Figure 1.6: A diagram of oxidation and reduction reactions of a semiconductor with organic and
inorganic materials.
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The following reactivity pattern was found under the same conditions:
Ag > Pd > Au > Pt >> Rh >> Ir >> Cu=Ni=Fe=0.
The deposition (adsorption) for silver firstly occurred by creating small 3 and 8 nm crystallites of
Ag.

As the photodeposition conversion escalated, the metal particles formed agglomerates

which extended to several hundreds of nm (i.e., bigger than the TiO2 particles) (Herrmann et al.,
1988). These agglomerates included the majority of the metal deposited (Herrmann, 1999).

Figure 1.7: Deposition (adsorption) of a metal (such as Pt) on the surface of TiO2 particles.
(Adopted from Mori, 2005)

1.7

FUNCTIONS AND FEATURES OF PHOTOCATALYSTS
Some functions and features of photocatalysts are self-cleaning, hydrophilic, and

antibacterial characteristics. Research of thin layers of photocatalytic active metal oxides like
TiO2 coated materials are of rising interest. When irradiated with ultraviolet rays, titanium oxide
particles break down organic materials. This detail has long been known as an unpleasant trend
that appears with a paint containing a TiO2 pigment.
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Pollutants on a substrate are photodecomposed throughout a self-cleaning process with
photocatalysts, wherein radicals and active oxygen produced by ultraviolet irradiation on
photocatalyst decay the organic contaminants into carbon dioxide, thus permitting the surface of
the substrate to remain uncontaminated. Nearly all of the exterior building walls emerge to be
spoiled from automobile exhaust gases that contain oily components. The dirt of the walls can
easily be washed away by rain by coating the original building materials with a superhydrophilic photocatalyst, thus keeping the building external wall clean for long times. TiO2
coated ceramic tiles are believed to be very successful against organic materials, inorganic
materials, and bacteria. Dirt, grease, and other staining materials can simply be rushed away
with a stream of water.

Joined with the sturdy photocatalytic oxidizing properties,

superhydrophilicity makes this tile self-cleaning in external uses. Two outcomes should be
thought of: Initially, a super-hydrophilic surface has a higher similarity to water than to oil.
Secondly, ultraviolet lighting of TiO2 directs to the development of a photogenerated holeelectron pair that reacts with water and oxygen in the environment to create potential cleaning
agents on the exterior of the coated material. The agents (•OH, •OOH) decay large organic
molecules to smaller fragments. Through the mixture of photocatalysis and super-hydrophilicity,
dirt and grease are able to be swept away with water.
Organic pollutants on the titanium surface of coating can be decayed by light irradiation
if a TiO2 photocatalytic coating substance is used in an outdoor location exposed to rainwater,
and the residual inorganic particles would easily be washed away by the rainwater, thus the
coated surface would demonstrate the predicted self-cleaning effect. Figure 1.8 schematically
displays a self-cleaning representation with an outdoor application, and Figure 1.9 shows an
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example of a self-cleaning effect with an exterior wall consisting of tiles coated with a TiO 2
photocatalytic material (Mori, 2005; Benedix et al., 2000).

Figure 1.8: Schematic of a self-cleaning representation with an outdoor application.
(Mori, 2005)
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Figure 1.9: An example of a self-cleaning effect with an exterior wall consisting of tiles coated
with a TiO2 photocatalytic material (after 1 year: top joint is filled with silicone sealant) (Mori,
2005)

Radicals and active oxygen created by the activity of a TiO2 photocatalyst are helpful in
preventing the propagation of fungi and bacteria and aid in decomposing. At an extremely high
rate of speed, TiO2 coated ceramic tiles kill bacteria. Basically, the bacteria are destroyed faster
than they are able to grow. The use of these tiles is of common significance in hospitals and care
facilities to lessen the spread of infections and the threat to patients whose immune systems have
grown weaker, in public and commercial facilities and schools to advance the hygienic
conditions, in residential kitchens, baths and floors to encourage family hygiene and to decrease
housework. TiO2 photocatalysts have been increasingly used for interior finishing materials in
hospitals and medical equipment due to their small selectivity against bacteria species and their
capability to break down the toxins produced by bacteria (Benedix et al., 2000, Mori, 2005).
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Study into the expression of super-hydrophilicity with TiO2 photocatalysts has been
vigorous ever since the idea was introduced in 1997 (Fujishima et al., 1999). Accordingly, it has
been ever more applied to self-cleaning and fog-proofing products for mirrors, including door
mirrors on cars and road mirrors (curve mirrors), as well as window glass panels.
An example of one of the most sophisticated applications of photocatalysts is air
purification. For instance, photocatalysts are used in freshening filters in air-purifiers
incorporating UV lamps to reduce aldehyde or VOC in indoor air. Another unique feature of
photocatalysts is the elimination of NOx. A TiO2 photocatalyst oxidizes NO into NO2 and
eventually into NO3¯, consequently eliminating NO from the air (Mori, 2005).
Soil decontamination and water purification is one of the primary tasks of TiO 2
photocatalysts. A variety of researches have been performed for the cleansing of water with
titanium oxide photocatalysts, in which the examples of water being purified include
environmental water such as ground and river water and effluent water from factories and
sewage. A great deal of research is related with low concentration chlorinated organics in
effluent water from factories and in groundwater. This type of research has helped prove that
titanium oxide photocatalysts can break down endocrine unsettling chemicals such as bisphenol
A (Ando et al., 1999; Mori, 2005).
From studies that have recently been conducted by Doll and Frimmel (Doll and Frimmel
2005), it was demonstrated that among the conventional drinking water treatment processes, only
filtration, through new granular activated carbon, and ozonation moderately removed some
pharmaceuticals. The capability of UV-H2O2 (Sprehe et al., 2001; Huber et al., 2003), O3/H2O2
(Huber et al., 2003; Zwiener and Frimmel, 2000), and ozonation (Huber et al., 2003; Zwiener
and Frimmel, 2000; Ternes et al., 2003) for limited removal of pharmaceuticals and contrast
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media was studied and researched. Photocatalysis came about to be a promising tool for water
treatment (Hoffmann et al., 1995; Bahnemann et al., 1999).

The most broadly examined

photocatalyst for the degradation of organic contaminants is TiO 2. TiO2 is outstandingly cheap,
active, nontoxic and chemically steady over a wide pH range and is not subject to photo
corrosion.

Overall, the goal of the application of photocatalysis in water treatment is the

transformation, deactivation and finally minimization of environmentally continual compounds
(Doll and Frimmel, 2005). In future studies, several important problems in photocatalysis have
to be dealt with in order for it to become a commercially feasible alternative to the traditional
methods of waste reduction. New reaction systems have to be developed by using UV and solar
irradiation, which are efficient, work well with the limited amount of UV from the sun or visible
light, and therefore require less artificial sources of light.
Many concepts were formed in the area of waste water detoxification. Systems are taken
into account, in many investigations, wherein the fine TiO2 photocatalyst powder was isolated in
liquid suspension. Nonetheless, these systems were not easy to handle. The powder stays
suspended in water following the degradation process under irradiation with UV light. The use
of filters or other methods to remove TiO2 has been proved to be inefficient and cost-effective.
Later on rectors were designed where the titanium dioxide is fixed on a glass, ceramics or metal
surface. Currently there is high interest in development and improvement of thin-film-fixed-bed
reactors, which is shown in Figure 1.10. In this reactor type industrial waste water is passing a
TiO2 coated material such as glass, polystyrene and methacrylate.
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Figure 1.10: Thin-film-fixed-bed reactors (Benedix et al., 2000)

Photocatalytic oxidation has been applied for removing and decomposing pollutants in
indoor air. The used reactors trap and chemically oxidize organic compounds, converting them
primarily to CO2 and water. These reactors operate at room temperature and with negligible
pressure. Consequently, they may be readily integrated into new and existing heating,
ventilation, and air conditioning systems (Benedix et al., 2000).
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1.8

LIMITATIONS OF PREVIOUS WORK
The use of TiO2 as a photocatalyst has obtained a large amount of attention in the

management of wastewater and exhaust gases in the past four decades. Mainly, particles in the
nanometer scale are used for water detoxification as a result of their large specific surface area
and high photoactivity.

Such substances show outstanding performance in slurry reactors;

although it is expensive and difficult to remove the catalyst from the treated water (Bao et al.,
2004; Karches et al., 2002). There is a trade off between catalytic activity and particle size. The
catalytic activity per unit mass of photocatalytic material increases as the particle size decreases,
because the surface area to volume ratio rises. Reactive photoelectron-hole pairs are more likely
to be at or near the surface when particle dimensions are below the debye length. Indeed,
nanoparticulate TiO2 with 10 to 50 nm particle diameters (Degussa P25) has been shown to be
one of the most effective commercial catalysts. However, nanopowders are very difficult to
remove from product streams, especially on large scale systems (Saupe et al., 2005). Although
nanopowdered TiO2 has shown substantial effectiveness in oxidation processes, the operating
cost for the total mineralization of hazardous organic-laden effluents would also include the cost
of separating the powders from the water after treatment, by either sedimentation and/or
ultrafiltration (Malato et al., 2002; Malato et al., 2003).
The finely divided catalyst can be either dispersed in the irradiated aqueous solution as
slurry, or anchored on a suitable support as a fixed or fluidized bed. According to various
reports, mainly from laboratory scale investigations, slurry type reactors seem to be more
efficient than those based on immobilized catalyst. Systems using a supported photocatalyst
eliminate the need for a catalyst separation step. Due to the small particle size of the catalyst
usually synthesized by the industry (somewhere between 30 and 300 nm of particle size) the cost
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requirements for this downstream operation may even invalidate altogether the claimed energy
saving for a solar induced decontamination process. Although phase-separation processing can
be avoided by using fixed or fluidized bed reactors with a supported catalyst, it is not less true
that mass transfer limitations might outweigh this intrinsic advantage. Also, the catalyst surface
availability for reactants and photons could be significantly better in a well mixed, pseudohomogeneous small particle slurry than in any supported catalyst arrangement (Pozzo et al.,
1997).
The chief inconvenience of techniques containing suspended solids is that one must get
rid of the photocatalyst from the cleaned water after the treatment. Nearly all of the titanium
dioxide powders used in photocatalysis include submicron-sized particles.

The possible

inexpensive partition by sedimentation or filtration of the suspension is difficult, as a result, and
treating very large volumes of water is nearly impossible (Alfano et al., 2000).
Even though nanocrystalline TiO2 in some cases is supported on a large carrier matrix
for economic photocatalysis, the efficiency of the overall process decreases due to a decreased
surface area to volume ratio, partial loss of active surface sites, and differences for interfacial
structures and mass-transfer limitations in the

photocatalysts.

Novel photocatalysts and

photocatalytic techniques, as a result, are required to be practical in low-cost, large-scale
photocatalytic applications (Bao et al., 2004). To overcome these drawbacks, new materials with
big particle sizes need to be developed.

However, creating large particles or immobilized

catalysts without decreasing their effectiveness remains a challenge.

One solution to this

problem may be to develop larger catalyst particles which combine large-pore porous
architecture, high surface areas, nanostructured pore walls, and large particle size. The research
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presented here worked towards the development of new porous photocatalytic metal oxide
materials that could be used as effective and practical polluted water decontamination agents.
Previous work in Dr. Saupe’s lab has provided evidence that a unique classes of porous
materials developed in his lab are promising photocatalysts, that can photodegrade organic
contaminants in water. The new nanostructured porous materials primed in this work have high
photooxidative activity, a stable phase up to 1100 °C (Yesu, 2006), large surface area and high
photocatalytic activity. The large particle size of the new materials persisted during and after
photolysis and allowed it to be separated out of the solution easily, which could facilitate the
final filtering stages within a future photocatalytic water decontamination facility. These are
chief factors for designing continuous low-cost, large-scale, controllable photocatalytic process
with standard unit operation processes of chemical engineering (Bao et al., 2004). This research
addressed the optimization and improvement of these new catalysts.
The development of a commercially feasible and economical method, by which a new
photocatalyst may be useful for water decontamination, promises to have a substantial economic
and environmental impact.
1.9

SIGNIFICANCE OF RESEARCH AND HYPOTHESIS
The goal of the research was to develop catalytic materials that would solve some of the

disadvantages observed in photocatalysts until now, namely, problems of small particle size,
catalyst retrieval, and the need for high reactivity.

The new materials synthesized in this

research had high surface areas (SA), were porous and possessed large particle sizes. These
qualities helped solve catalyst retrieval issues, while preserving or enhancing surface area and
the nano dimensional characteristics of nanopowders. The synthesis of these catalysts is unique
for these reasons:
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1. The process uses exfoliated layered semiconductors to create lamellar metal
oxide particle colloids, or sheets, as precursors.
2. The colloidal suspensions are flocculated to form new porous aggregated particle
materials.
3. The products have stable macro porous structures, suitable for effective fluid
flow throughout the catalyst’s surfaces.
Previously, our lab developed and tested new porous materials (porous transition metal
oxides) similar to those in this research (Saupe et al., 2005). In that work, the new photocatalysts
were used to photolyze a model contaminant, bromocresol green (BG), and the catalyst were
compared to nano powdered TiO2 (Degussa, P25) at various pHs. It was found that photolysis of
micromolar solutions of the test dye at pH 2.1, 3.6 and 7.0 showed that:
1. The porous oxide (POX) catalyst performed very well at pH about 2.1,
outperforming the best commercial TiO2 nanopowder.
2. At PH 3.6 and 7.0 the TiO2 outperformed the POX material and showed a
maximum activity at pH 3.6.
These results suggested that there were some differences in the details of their surface
chemistries. The two catalysts have very different crystal structures and surface morphologies.
In addition, the wider band gap in the POX material versus the TiO 2 translates into stronger
driving forces for the redox chemistries involved (Saupe et al., 2005).

The new catalyst

exhibited a strong pH dependence on the photo efficiency. The POX catalyst is made up of
overlapping particle sheets, which are stuck together with small cations, such as H+. As is true
with the parent compound, KTiNbO5, the overlapping sheets (or layers) can undergo ion
exchange with other cations (see Figures 1.11, 1.12, 1.13).
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Figure 1.11: Oxide Layers. Acid Exchange for Removal of Potassium
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Figure 1.12: Layered metal oxide semiconductors

Figure 1.13: Schematic structures of: (A) layered HTiNbO5 and (B) nanosheets TBATiNbO5
(Takagaki et al., 2003)
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It is speculated that the observed pH dependence is due to the ion exchange capacity of the
catalyst. For example, when the pH is being raised with KOH, inevitably the K+ will replace the
H+ in the solids. The size of the K+ is larger than that of the H+, thus pH changes cause changes
in the interparticle (or interlayer) spacing. The band gap is also altered by this ion exchange
reaction, due to the degree of protonation and crystal structural changes. Electron transport in
these layered solids is more difficult in the direction perpendicular to the layers, because
electrons have to jump through space to get to the next layer. Layer spacing changes have a
strong effect on this layer to layer electronics transport.
This research project was performed under the working hypothesis that the
elimination of the ion exchange character of the catalyst would improve its performance at
higher pHs. The experiments conducted a topotactic dehydration reaction (Figure 1.14) by
heating the porous material catalysts. We changed the structure of the POX materials by heating
them to about 350-450 °C. This ―locked-in‖ the structure by creating covalent bonding where
ionic bonds once were and eliminate the ion exchange capacity of the POX materials. This
change gave the material greater pH independence and improved the robustness of the solids.
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Figure 1.14: A topotactic dehydration reaction by heating the porous material catalysts

In addition, the experiments studied the effects of catalyst density on photocatalytic efficiency
through the control and optimization of the synthetic process.

The experiments included

studying and characterizing the new porous materials with a variety of analytical techniques,
which are described in the Experimental Methods section along with the synthetic procedures.
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1.10

RESEARCH OBJECTIVES

The objectives of this research included:
1. To explore synthetic pathways that lead to optimized large-pore, high surface area,
porous photocatalysts with large particle sizes.

2. To develop and test new photocatalytic materials for water decontamination by photo
degrading model contaminants in water.

3. Characterization of the porous materials with and without topotactic dehydration post
treatments, by using techniques such as:

a. Transmission electron microscopy (TEM). This technique determined the
presence and size of the sheets in a colloidal solution. The exfoliations of the
parent compounds into single crystal lamellar colloids were verified by TEM.

b. Scanning electron microscopy (SEM) for elemental analysis, measuring particle
sizes, morphology and pore size studies.

c. Optical microscopy was used to observe the deposition of metals onto the catalyst
surfaces. The macroporosity were also viewed with this microscopy.
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d. X-RAY Diffraction (XRD) ascertained the crystal structure and observed the
presence of amorphous or crystalline nature of the new porous materials and their
stability.

e.

Nitrogen adsorption surface area analyzer (BET). The efficiency and reliability
of a porous material depends on its surface condition. The BET test determined
the surface area, pore diameter and pore volume (pore size distribution) of the
porous material, which were all closely linked to performance. A larger surface
area results in more contact or interaction with the analyte in solution.

f. A UV-Vis reflectance spectrophotometer was used to characterize the catalyst’s
photo physical properties.

g. Inductively coupled plasma/optical emission spectrometer (ICP-OES) for
elemental analysis and determination of metal loading.

4. Using a UV-Vis transmittance scanning spectrophotometer to quantify the amount of
organic contamination in the water solutions before and after photolysis treatments.

5. To measure the photolysis kinetics at various pH, contaminant concentrations,
temperatures, light wavelengths and intensities, catalyst types and loadings.
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6. To apply the knowledge gained to optimize the catalyst materials and their properties in
order to improve photodegradation efficiencies.

7. To discover whether or not the topotactic dehydration improves the photocatalytic
properties of the POX materials.

8. To measure the long-term stability of the photocatalysts under constant use.

9. To discover whether or not they can be used for removing toxic and precious metals from
wastewater.
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Chapter 2
Experimental Method, Materials and Characterization Tools
The following describes experimental methods that were commonly used in most
experiments. Exceptions to these methods are indicated in other chapters where appropriate.
2.1

GENERAL
All water used was purified and deionized using combined standard reverse osmosis

(RO), activated charcoal filter, microfiltration and ion exchange technologies (Aquamax, USA).
All acids and bases were standard grade and purchased from Fischer Scientific (Pittsburgh, PA).
Bromocresol green (BG) was purchased from Sigma- Aldrich (Milwaukee, WI) and had a 95%
dye content, which was taken into account in the dye solution preparations. All other chemicals
were purchased from GFS Chemicals (Powell, OH, USA) or as indicated and used as received.
All experimented steps were done at constant room temperature of about 20 °C.
2.2

EXPERIMENTAL PROCESS FOR SYNTHESIZING POROUS METAL OXIDES
Our materials were synthesized from two types of colloidal solutions of single crystal

lamellar particles, or sheets. Each solution was differentiated by the constitution of the sheets.
One of the solutions had TiNbO5- sheets, and the other one had Nb3O8- sheets. These solutions
were not available in the market, so we synthesized and optimized them in order to do the
experiments in this research.
The layered materials titanoniobate (KTiNbO5) and triniobate (KNb3O8) were used to as
parent material to ultimately prepare dried porous aggregates. KTiNbO5 and KNb3O8 were
prepared by a conventional solid state reaction method. These transition metal oxide materials
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have a layered structure with exchangeable cations. Conversion of KTiNbO 5 and KNb3O8 to the
protonated compounds HTiNbO5 and HNb3O8 was accomplished by doing cation exchange
reactions in strong acid solutions. Chemical transformation of lamellar metal oxides into single
sheet colloids or nanosheets occurred when the suspension of HTiNbO5 and HNb3O8 reacted
with tetra-n-butylammonium hydroxide (TBAOH) in an acid base naturalization reaction. This
neutralization reaction forced bulky TBA+ cations into the layers. The TBA+ cations expand and
hydrate the interlayer spaces, resulting in the exfoliation of individual metal oxide sheets and the
production of a colloidal suspension.
The two dimensional nano sheet colloids were precipitated in acidic conditions to form
ultra-porous, stable, transition metal oxide materials. Supercritical point CO2 drying was used to
obtain the dried porous aggregates. The Supercritical point CO2 drying process allowed the
samples to be dried without any solvent surface tension, thus reducing the likelihood of
collapsing the porous structure. The major steps in the preparation of dried porous aggregates
are schematically shown in the flow chart below (Figure 2.1), which will be further explained in
the following sections.
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Figure 2.1: Major steps in the preparation of dried porous aggregates.

2.2.1 Synthesis of Starting Materials: Layered Potassium Titanium Niobium Pentoxide
(KTiNbO5) and Potassium Triniobium Octoxide (KNb3O8)
The synthesis of the parent layered compounds, KTiNbO5 and KNb3O8, in a high
temperature furnace ((Linburg Blue MF51800 series, Asheville, NC, USA) (Figure 2.2) was
done by a conventional solid state synthetic method using published procedures (Fang et al,
1999; Wadsley et al., 1964; Fang et al., 1999; Saupe et al., 2005; Kikkawa and Koizumi, 1980;
Saupe et al., 2000).
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Figure 2.2: High temperature furnace.
(http://www.krackeler.com/graphics/0071/jpg/3806.jpg)
Stoichiometric amounts of K, Ti, and Nb from K2CO3 (in slight excess), TiO2 (only for
KTiNbO5), and Nb2O5, were ground into fine powders with a mortar and pestle and mixed
thoroughly (see Table 2.1 and 2.2). Generally, the K2CO3 was ground first and then added to the
other compounds. A 5% by mass excess of K2CO3 was used to counteract loss of potassium as
an oxide vapor during the heating cycle.

Table 2.1: Masses of K2CO3, TiO2 and Nb2O5 needed for preparation of KTiNbO5.
Reactant
Potassium carbonate
Titanium dioxide
Niobium (V) oxide

Chemical Formula
K2CO3
TiO2
Nb2O5
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Mass needed in grams
7.0
8.0
13.3

Table 2.2: Masses of K2CO3 and Nb2O5 needed for preparation of KNb3O8.
Reactant
Potassium carbonate
Niobium (V) oxide

Chemical Formula
K2CO3
Nb2O5

Mass needed in grams
3.5
20

The mixtures were heated in air to 1050 °C for 20 hours in an alumina crucible using a high
temperature furnace (Figure 2.2).
20 hrs.

Temp. ᵒC

1050

10 ᵒC/min.

1 hr.

120
10 ᵒC/min.

25

0

9.5

69.5

162.5

1362.5

Time (min.)

Figure 2.3: Ramps and dwells used in the heating process.

As shown in the Figure 2.3, there are two ramps and two dwells in the temperature program
segments for the furnace. Segment 1 ramps to 120 °C at a rate of 10 °C per minute, segment 2
dwells at 120 °C for about 60 minutes, segment 3 ramps to 1050 °C at a rate of 10 °C per minute,
segment 4 dwells for 20 hours at 1050 °C and segment 5 is a fast return to set point of 25 °C
(close to ambient).
The potassium atoms in KTiNbO5 and KNb3O8 are located between the layers of
niobium- and titanium-oxygen octahedral units (see Figure 1.10).

The following are the

reactions between materials during the synthesis of KTiNbO5 and KNb3O8:
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For KTiNbO5:
For KNb3O8:

2TiO2 + Nb2O5 + K2CO3
3Nb2O5 + K2CO3

air
air

2KTiNbO5 + CO2
2KNb3O8 + CO2

The crystal structures of the powdered products were verified by powder X-ray
diffraction (XRD) (D8-Discover, Bruker, Germany) and the size of the crystallites was identified
by SEM.

2.2.2 Synthesis of HTiNbO5 and HNb3O8 via Ion Exchanged of KTiNbO5 and KNb3O8

KTiNbO5 and KNb3O8 have layered structures with exchangeable potassium between
layers of metal oxides. Having potassium ions between the layers, a colloidal solution cannot be
directly formed from KTiNbO5 and KNb3O8, so potassium ions are exchanged for H+ (Figure
2.4). Conversion of these layered materials (KTiNbO 5 and KNb3O8) to the protonated lamellar
compounds (HTiNbO5 and HNb3O8) was accomplished by doing cation exchange reactions
(Clearfield, 1988) in strong acid solutions (3 to 4 M HCl aqueous solutions).

Figure 2.4: KTiNbO5 and KNb3O8 have layered structures with exchangeable cations.
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2.2.2.1 Procedures for Acid Exchange of KTiNbO5 and KNb3O8
Synthesis of the HTiNbO5 and HNb3O8 precursor involves stirring five grams of
powdered KTiNbO5 and KNb3O8, which were placed in a 500 mL flask with 250 mL of DI
water. About 100 mL of concentrated hydrochloric acid (Fischer Scientific, Pittsburgh, PA, 12
M) was then added to the flask (result is 4 M HCl) which was stirred for one day with no heat
using a stirrer Teflon or glass stir bar (Corning stirrer/hot plate, Acton, Massachusetts) (Figure
2.5).

The slurries were centrifuged by placing equal amounts of supernatant liquid into

centrifuge tubes for proper weight distribution at 3000 rpm for 15 minutes, using a Beckman
Coulter centrifuge (Figure 2.6) (Allegra X-12 R Series Centrifuge). The supernatant liquid was
then decanted. The solid acid exchanged material in the bottom of the centrifuge tube was
recovered using DI water. After recovering the solid sample with DI water, the suspension was
placed back in the flask. These steps were repeated every 24 hours for three days for a total of
four acid exchanges for KTiNbO5, and for four days for a total of five acid exchanges for
KNb3O8, to ensure a complete acid exchange. The suspensions were finally centrifuged and the
HTiNbO5 and HNb3O8 solid product were rinsed twice with DI water and centrifuged. For the
final and complete removal of solids from the bottom of the centrifuge tubes, disposable pipet
and a few mL of alcohol (ethanol or methanol) was used to transfer the suspension to a glass
Petri dish. Finally, it was covered loosely and allowed to dry at room temperature. The crystal
size of material was identified by SEM (UTEP).
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Figure 2.5: Stirring powders of KTiNbO5 in acid solutions produces HTiNbO5

Figure 2.6: Beckman Coulter Centrifuge (Allegra X-12 R Series Centrifuge).
(http://www.nature.com)
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2.2.3 Exfoliation of HTiNbO5 and HNb3O8 into Single Crystal Lamellar Sheet Colloidal
Suspensions
Chemical transformation of lamellar metal oxides into single sheet colloids or individual
metal oxide sheets occurs when the suspension of HTiNbO 5 or HNb3O8 reacts with tetra-nbutylammonium hydroxide (TBAOH) by acid base neutralization reaction (Treacy et al., 1990;
Keller et al., 1994; Fang et al., 1999; Sasaki et al., 1996; Sasaki and Watanabe, 1998; Tripathy et
al., 2002; Harada et al., 2002):
-

HTiNbO5 + TBA+OH

-

TiNbO5 + TBA+ + H2O

The neutralization reaction forces bulky TBA+ cations into the layers. These layered TBA+
cations expand and hydrate the interlayer spaces, resulting in the exfoliation of individual metal
oxide sheets. These exfoliated metal oxide sheets (TiNbO5 - or Nb3O8-) are negatively charged
and have associated TBA+ counter ions on their surfaces. Therefore, exfoliation of the acid
exchanged form of these compounds into TiNbO 5- and Nb3O8 - lamellar colloid solutions were
obtained by adding a solution of 40% TBA+OH- (GFS, USA) drop wise to an aqueous
suspension of a solid stirring about 2 g of acid exchanged powder (either HTiNbO 5 or HNb3O8)
in 100 mL of water. To minimize the need for constant pH meter use, phenolphthalein pH
indicator dye was used (added in minimal amounts to create color) as an internal indicator pH.
While adding TBAOH, the solution becomes light pink above pH=9.0-10 (see Figure 2.7 and
Table 2.3). After one day, the pH was tested with a well rinsed special low-leakage pH meter
designated for this job (Henna instruments pH 213, microprocessor pH meter, Portugal). If color
was not pink anymore, drop of TBAOH was added at a time until the pH became above 9.0 again
and color stayed pink. The resulting colloid is stable if it is isolated from atmospheric CO 2.
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During storage and with atmosphere present, periodic pH adjustments to the colloid with
TBAOH are necessary. Because conventional pH meter probes can leak potassium ions, and the
potassium precipitates this colloid, special low-leakage pH probes were used (Orion #9104AP,
Thermo Electron,USA).

Figure 2.7: The solid HTiNbO5 reacts with TBAOH in an acid base neutralization reaction,
forcing the bulky TBA+ cations into the layers, resulting in the milky white colloid seen on the
right.
Table 2.3: Amounts of acid exchanged material and TBA used.
Reactant

Amount used (g)

HTiNbO5
HNb3O8

2.0
2.0

Approximately amount of TBAOH
theoretically needed (mL)
3.2
5.9

The resulting colloidal sheet suspension was turbid and very stable.

Settling of the layer

particles occurred over a period of days, but the suspension was easily restored by shaking.
These exfoliated sheets were regarded as two dimensional (2D) nano sheets.

Exfoliated

KTiNbO5 and KNb3O8 materials produce lamellar colloids, which consist of particles that are
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individual sheets of metal oxide in solution. Each sheet is a single crystal layer from the parent
material and is therefore negatively charged, which imparts their colloidal character.

The

anionic colloidal sheets were agglomerated into porous aggregates via a precipitation reaction
described in the following section (section 2.2.4).

Figure 2.8: low-leakage pH probe and pH meter.
2.2.4 Synthesis of the Porous Metal Oxides (Precipitation Procedure for Exfoliated
Solutions)
In order to make the porous catalytic materials, the colloidal solutions have to be
precipitated, or flocculated, using solutions that contain cations such as H +, K+ and Na+. These
cations react with the sheets in the colloidal solution by sticking the sheets together. One of the
control parameters is the rate of delivery of the acids to the colloid solutions (Figure 2.9). In the
wet method, the precipitation method involved the addition of 6 M HCl into a dilute colloidal
solution. In the vapor method, we explored how the rate and manner of introduction of the
cations affects the porous characteristics of the solids.

X-ray diffraction, SEM, and BET

techniques made it possible for us to study the structure and pore sizes of the materials.
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Figure 2.9: Controlled flocculation of nano sheets
2.2.4.1 Procedures for Wet Method
Colloids of the titanoniobate and triniobate particles were precipitated into porous solids
by mixing 1.07 mL of a stock colloid solution (0.0276 g/mL pH 9-10) with 5.93 mL of water for
titanoniobate and 3.252 mL of a stock solution (0.0091 g/ml pH 9-10) with 3.748 mL of water
for triniobate. The diluted colloid was then squirted quickly into 10 mL of 2 M sulfuric acid.
After letting the solid stand for 1 h (see Figure 2.10), sedimentation of the resulting solid
agglomerates was facilitated by gentle centrifugation (rpm=500 for 10 min.) so that the
supernatant liquid could be removed and replaced repeatedly (about 4 times) with fresh water for
thorough rinsing. The oxide for these experiments remained wet until used in the photolysis.
The pH of the porous solid suspensions was adjusted with dilute hydrochloric acid and potassium
hydroxide solutions. All pH measurements were taken with a standard pH meter using a special
low-leakage probe.
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Figure 2.10: Flocculated colloids form fluffy white precipitates with porous structures.
2.2.4.2 Vapor Diffusion Method
To control flocculation, condensation and precipitation of the two dimensional colloid
particles, or nano sheet colloids, were precipitated with acid to form ultra-porous, and stable
transition metal oxides.

H+, with charge densities much higher than that of TBA+, was

introduced into the colloidal sheet suspensions by diffusion (Figure 2.10). The H+, driven by
electrostatic forces, displace the large TBA+ cations from the surface of the sheets. At higher
concentrations, H+ destroy the mechanism that stabilizes the colloid and cause particle
flocculation.
Nano sheet colloids of (TiNbO5-)n, and (Nb3O8-)n were precipitated into porous solids by
an acid vapor diffusion precipitation method using concentrated HCl . This was accomplished
by mixing 4.0 mL of a colloid stock solution (0.0276 g/mL for titanoniobate and 0.0091 g/mL
for triniobate at pH 9-10) with 20 mL of alcohol. The diluted colloid was contained in an open
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vial and was placed in a 400 mL covered beaker. At the bottom of the same beaker, 2 mL of
concentrated HCl was placed and the beaker was covered tightly by parafilm, so that vapors from
hydrochloric acid diffused into the solution in the vial. The resulting solid remained undisturbed
for 2 days. Figure 2.11 shows vapor precipitation of metal oxide sheets.

Figure 2.11: Vapor precipitation of metal oxide sheets.
2.2.5 Solvent Removal and the Supercritical Drying Process
Drying the new solids was done by solvent exchange followed by CO 2 solvent extraction
and supercritical point drying.
2.2.5.1 Solvent Replacement
After precipitating the colloidal nano sheets into porous aggregates, the water was
replaced by dry acetone prior to the drying process, in a series of solvent exchange steps. Two
vials of formed precipitate were placed in a 500 mL beaker filled with enough dry acetone to
cover the vials. The acetone was stirred using a Teflon coated magnet bar (~ 500 rpm). The
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beaker was covered tightly with parafilm and rubber band to protect from moisture. Every two
days acetone was replaced with a fresh solvent. This was repeated three times without heat.
After that, the vials were placed in a warm beaker of acetone covered with aluminum foil (heated
at 40 °C) containing dried molecular sieves or zeolite beads (dried at 280 °C) for two days, to
remove the remaining water (Figure 2.12).

Figure 2.12: Acetone solvent replacement without beads (left) and with beads (right).

2.2.5.2 Supercritical CO2
This process was used to dry the porous samples. The acetone replaced the water prior to
the drying process (section 2.2.5.1) and was then displaced by liquid CO2 as part of the drying
process. Finally the CO2 was removed above its critical point. The reason that this process was
used is to prevent the shrinkage of porous samples.
A CO2 supercritical point drying system (Polaron Critical Point Dryer, E3000 Series,
Quorum Technologies, East Sussex, U.K) was used to remove the acetone and dry the porous
metal oxides (Figure 2.13).

The porous materials must be dried without the effects of
80

intermolecular solvent forces, which would collapse the open structures during the drying
process. The supercritical point CO2 drying process allows samples to be dried without any
surface tension, thus reducing the likelihood of capillary force or solvent surface tension, which
can crush porous materials.
Supercritical CO2 refers to the unique properties of CO2. CO2 usually behaves as a gas
in air or as a solid in dry ice. If the temperature and pressure are increased, it can adopt
properties midway between a gas and a liquid. It behaves like a supercritical fluid above its
critical temperature (31.1 degrees Celsius) and pressure (73 atm), expanding to fill its container
like a gas, but with a density like that of liquid.

Figure 2.13: Supercritical point CO2 drying chamber.
They are several procedures used for supercritical CO2 drying (Figure 2.14).
Preliminary Step: The screen and screen lid should be clean before starting the drying
process. Then chamber was cooled to about 15-19 °C.
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Figure 2.14: Phase diagram of CO2 in a supercritical point CO2 drying chamber.
(Adopted from http://www.nature.com/nature/journal/v405/n6783/images/405129aa.2.jpg)
Loading Sample: The sample vials were filled with dry acetone and covered with a
screen cap and inserted into the chamber. The chamber lid was closed and tightened with the bar
(Figure 2.15).

Figure 2.15: Samples loaded in the supercritical CO2 dryer. The two vials can be seen through
the window.
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Filling Procedure:

All chamber valves were closed. The CO2 tank valve was gently

opened about two full turns. The chamber inlet valve was carefully opened to begin liquid CO 2
goes inside the chamber. The rate of influx shouldn’t disturb the sample particles.
First Flushing Procedure: While the CO2 inlet was open, the acetone was flushed
from the chamber by releasing acetone rich solvent out from bottom outlet. After a few minutes,
there was an acetone-CO2 phase line, which moved down as pure CO2 came in (Figure 2.16).
The chamber was filled and emptied for three times with occasional agitation to promote the
mixing. Then chamber was filled to ¾, and after that all chamber valves were gently closed and
the cold pump was turned off.

1

2

3

Figure 2.16: Acetone-CO2 phase line during the first flushing which moved down as pure
CO2 came in.

First Heating Procedure:

The heater was turned on and set the temperature limit to

28 °C. After 10 minutes fluid was expanding slightly inside the chamber and then chamber was
sitting for 20 minutes.
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Cooling and Second Flushing Procedure: Chamber was cooled again to 15-19 °C.
Then the CO2 inlet valve was opened and let the chamber begin venting by slowly opening the
lower exit valve. The venting was kept for 10 minutes. The chamber was filled and emptied
three times. Then chamber was filled to ⅔, after that inlet valve was closed.
Second Heating Procedure: The heater was turned on and the temperature limit was set
to 40 °C. While the chamber was reached 40 °C, it was important not to allow the pressure rise
above 1500 PSI during the heating. While the temperature and pressure are increased, CO2 can
adopt properties midway between a gas and a liquid. It behaves like a supercritical fluid above
its critical temperature and pressure, expanding to fill its container like a gas, but with a density
like that of liquid (Figure 2.17). Everything was kept constant for 15 minutes with the heat
pump turned on.

Figure 2.17: Second heating procedure, supercritical CO2.

Venting the Supercritical CO2:

The top vent was opened and the gas was released

with a pressure about 20 PSI/min. Finally, when pressure was reached zero, the chamber was
opened and the vials contain samples were transferred with open tops to a desiccator for one day
(Figure 2.18).
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Figure 2.18: Dried porous metal oxide.

2.3

Topotactic Dehydration as a Post-Treatment to Transform Porous Oxide (POX)

Materials
Our porous metal oxide agglomerates are given the short name of ―POX‖ materials. The
new POX catalysts exhibited a strong pH dependence on their photo efficiency. The POX
catalysts are made up of overlapping particle sheets, which are stuck together with H +. The
overlapping sheets can undergo ion exchange with other cations. The observed pH dependence
may be due to the ion exchange capacity of the catalysts. When the pH of the test solutions was
raised with base to photolyze at various pHs, the K+ from the KOH used replaces H+ between the
particle sheets. The band gap could also have been altered by this ion exchange reaction. Thus,
the elimination of the ion exchange character of the catalyst was tried to improve its performance
over a wide range of pHs. To help solve this problem, we changed the structure of the POX
materials by doing a topotactic dehydration reaction. It was done by heating the dry porous
material catalysts to about 450 °C for 2 hours in a high temperature furnace (see Figure 1.13 and
1.15). This ―locked-in‖ the structure by creating covalent bonding where ionic bonds once were
and eliminating the ion exchange capacity of the POX materials (Figure 2.19). This change gave
the material greater pH independence and improved the robustness of the solids. The heated
sample is then called topo and the non-heated sample is called non-topo.
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Figure 2.19: A topotactic dehydration reaction by heating the porous material catalysts.

2.4

Photolysis Setup
In each experimental measurement, 0.0296 g of oxide material (either topo or non-topo of

HTiNbO5 or HNb3O8) from dry samples (dry or topo POX or parent materials) was magnetically
stirred in a total 25.00 mL of a 20 µM (13.96 ppm) solution of bromocresol green dye (BG) in
water, at the required pH and in the presence of ultraviolet light irradiation. For the wet method,
sample masses were calculated based on the colloid density used. The absence of measurable
dye adsorption onto the photolysis apparatus and catalyst materials already was confirmed
(Saupe et al., 2005). All oxide particles were stirred in an upright 25 mm diameter customized
quartz tube (16 cm long). The quartz tube (total volume was about 60 mL) was sealed at the
bottom with a quartz plate was open at the top.
A Penray (UVP LLC, USA) Hg light bulb (UV pen lamp, model 35C-9, rated 5.4
mW/cm2 @19 mm @254 nm) was used to irradiate the samples with UV light at a distance of 23
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mm (face of bulb to face of quartz vessel) (Figure 2.20). The amount of UV reaching the sample
was measured with a light power meter (PM 100, Thorlabs Inc., Newton, New Jersey, USA) in
conjunction with a thermal sensor (S212A-10 W, Thorlabs Inc., Newton, New Jersey, USA) and
it was around 11.98 mW (1.63 X 1017 photon/sec.). Air was not bubbled or mixed into the
reaction solutions, but normal air was present in the headspace of the reaction vessel. Each
photolysis experiment for each pH and for each catalyst was carried out three or more times. No
heating effect was observed in the reaction vessel due to the UV source over the course of the
experiments.

Figure 2.20: Experiment of photolysis.

2.5

Sampling and Measurements
The pH of the solution was measured before and after irradiation. Sample from the

photolyzed solution were taken at the indicated time intervals (for the first 5 samples, each
sample was taken after 1 minute, for the second 5 samples, each sample was taken after 3
minutes, and for the last 5 samples, each sample was taken after 5 minutes) using a glass syringe.
The catalyst loading was kept constant for the entire time of photolysis.
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Samples were

subsequently centrifuged in centrifuge tubes (Figure 2.21) (rpm≈3000-14,000 depending on the
nanoparticulate catalysts, dry or wet), and the optical absorbance of the supernatant was analyzed
for BG with a Cary 300 spectrophotometer in transmission mode (Varian Cary 300 Bio UV-Visible
spectrophotometer, Australia) (Figure 2.22) at 616 nm in a quartz cuvette (Figure 2.23). The wet

nanoparticulate catalysts were more difficult to separate out of solution and required faster
centrifugation rotations. The detection limit of this spectrophotometer for BG is 0.1 µm.
Centrifugation was necessary to quickly remove particles that scatter the analyzing light and
cause measurement errors.

No affinity for the dye by either of the catalyst particles was

observed at the experimental pHs.

Figure 2.21: Centrifuged samples.

Figure 2.22: Varian Cary 300 Bio UV-Visible spectrophotometer.
(http://www.rsbs.anu.edu.au/products&services/BioSpec/pdfs/Varian300.pdf)
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Figure 2.23: Samples ready for test in UV-Vis spectrophotometer.

2.5.1 Ultraviolet-Visible (UV/Vis) Absorption Transmission Spectrophotometer
UV-Vis absorption spectroscopy was used to measure the amount of organic
contamination in the water before and after photolysis treatment (Figure 2.23). An ultravioletvisible spectrum is essentially a graph of function of light absorbance versus wavelength in a
range of ultraviolet or visible regions. Such a spectrum can often be produced directly by a more
sophisticated spectrophotometer, or the data can be collected one wavelength at a time by
simpler instruments. Wavelength is often represented by the symbol λ. Similarly, for a given
substance, a standard graph of the extinction coefficient (ε) vs. wavelength (λ) may be made or
used if one is already available. Such a standard graph would be effectively "concentrationcorrected" and thus independent of concentration. The Woodward-Fiester rules are a set of
empirical observations which can be used to predict λmax, the wavelength of the most intense
UV/Vis absorption, for conjugated organic compounds such as ketone. The wavelengths of
absorption peaks can be correlated with the types of bonds in a given molecule and are valuable
in determining the functional groups within a molecule. UV/Vis absorption is not, however, a
specific test for any given compound. The nature of the solvent, the pH of the solution,
temperature, high electrolyte concentrations, and the presence of interfering substances can
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influence the absorption spectra of compounds, as can variations in slit width (effective
bandwidth) in the spectrophotometer.
The instrument used in ultraviolet-visible spectroscopy is called a UV/Vis
spectrophotometer.

The method is most often used in a quantitative way to determine

concentrations of an absorbing species in solution, using the Beer-Lambert law (Figure 2.24). It
measures the intensity of light passing through a sample (I), and compares it to the intensity of
light before it passes through the sample (Io). The ratio I / Io is called the transmittance, and is
usually expressed as a percentage (%T).

The measured absorbance, A, is based on the

transmittance:

A = - log T = - log (I / Io) = ε l c

(Beer-Lambert Law)

Where:

I is I is the transmitted intensity
Io is intensity of the incident light at a given wavelength
A is absorbance (no units, A = log10 Io / I)
ε is molar absorptivity or extinction coefficient ( L mol-1 cm-1 )
l is path length through the sample ( cm )
c is concentration of the absorbing species ( mol L-1 )
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Figure 2.24: Diagram of Beer–Lambert absorption of a beam of light as it travels through a
cuvette of width l.
(http://en.wikipedia.org/wiki/File:Beer_lambert.png)
The law states that there is a logarithmic dependence between the transmission (or
transmissivity), T, of light through a substance and the product of the absorption coefficient of
the substance, α, and the distance the light travels through the material (i.e. the path length), l.
The absorption coefficient can, in turn, be written as a product of either a molar absorptivity of
the absorber, ε, and the concentration c of absorbing species in the material. For each species
and wavelength, ε is a constant. Samples for UV/Vis spectrophotometry are most often liquids,
although the absorbance of gases and even of solids can also be measured. Samples are typically
placed in a transparency cell, known as a cuvette. Cuvettes are typically rectangular in shape,
commonly with an internal width of 1 cm (this width becomes the path length, l., in the BeerLambert law). Test tubes can also be used as cuvettes in some instruments. The type of sample
container used must allow radiation to pass over the spectral region of interest. The most widely
applicable cuvettes are made of high quality fused silica or quartz glass because these are
transparent throughout the UV, visible and near infrared regions. Glass and plastic cuvettes are
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also common, although glass and most plastics absorb in the UV, which limits their usefulness to
visible wavelengths.
The basic parts of a spectrophotometer are a light source, a holder for the sample, a
diffraction grating or monochromator to separate the different wavelengths of light, and a
detector (Figure 2.24). The radiation source is often a Halogen lamp filament (300-2500 nm), a
Deuterium Arc lamp which is continuous over the ultraviolet region (190-400 nm), and more
recently light emitting diodes (LED) and Xenon Arc lamps for the visible wavelengths. The
detector is typically a photodiode or a charge-coupled device (CCD). Photodiodes are used with
monochromators, which filter the light so that only light of a single wavelength reaches the
detector. Diffraction gratings are used with CCDs, which collects light of different wavelengths
on different pixels.
A spectrophotometer can be either single beam or double beam. In a single beam
instrument all of the light passes through the sample cell. Io must be measured by removing the
sample. This was the earliest design, but is still in common use in both teaching and industrial
labs (Figure 2.25). In a double-beam instrument, the light is split into two beams before it
reaches the sample. One beam is used as the reference; the other beam passes through the
sample. Some double-beam instruments have two detectors (photodiodes), and the sample and
reference beam are measured at the same time. In other instruments, the two beams pass through
an optical chopper, which blocks one beam at a time. The detector alternates between measuring
the sample beam and the reference beam (Figure 2.26) (Skoog et al., 2007).
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Figure 2.25: Diagram of a single-beam UV/Vis spectrophotometer (sci.sdsu.edu).

Figure 2.26: Diagram of a double (split) beam UV/Vis spectrophotometer (sci.sdsu.edu).

2.6

Titration
To compare the ion-exchange capability of non-topo samples with topo, a titration test

has been done by crushing the sample and adding 10 ml of DI water to that. The oxide material
was magnetically stirred for 3-4 hours to allow pH equilibrium before starting the titration. All
pH measurements were taken with a standard pH meter using a special low-leakage probe
(Henna instruments pH 213, microprocessor pH meter, Portugal) while adding 0.104 M standard
KOH every 5 minutes until pH get close to 12. For a topo sample, the 0.104 M standard KOH
needs to be diluted 10 times before used because there are fewer or no protons (H+) between the
sheets (Figure 2.27).
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Mixed with H2O
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Figure 2.27: Titration of oxide material.

2.7

Characterization

2.7.1 Accelerated Surface Area and Porosity System (ASAP 2020)
The Brunauer-Emmett-Teller (BET) specific and Langmuir surface areas and pore
volumes of the porous metal oxide aggregates of titanoniobate and triniobate were calculated
from nitrogen adsorption-desorption isotherms at 77 K obtained on a Micromeritics Accelerated
Surface Area and Porosity System (ASAP 2020) (see Figure 2.28). It was purchased from
Micromeritics Instrument Corporation (Georgia, USA). Pore sizes and pore sizes distributions
were determined using the Barrett-Joyner-Halenda (BJH) model assuming a cylindrical
geometry. The ASAP 2020 analyzer is equipped with two independent vacuum systems, one for
sample preparation and one for sample analysis. This allows preparation and analysis to proceed
concurrently without the inherent delay found in single vacuum system analyzers that must share
a pump.

Moreover, independent systems completely eliminate the possibility of cross-

contamination between degas and analysis manifolds. Having two separate systems, as well as
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separate preparation ports, allows sample preparation and sample analysis to occur concurrently
without interruption. Compressed gases are required for analyses (nitrogen and helium gases) of
the samples in the ASAP 2020 porosity system.

Prior to BET measurement, catalyst was

degassed with nitrogen at 90 °C under vacuum for 2-3 h and backfilled with nitrogen or helium
gas to remove excessive moisture or adsorbed contaminants on the samples’ surface. After
degassing, the complete analysis takes about 10 h.

The obtained data were automatically

calculated by the BET equation with the computer-aided system.

Sample port

Heating mantle

Figure 2.28: The ASAP 2020 (Micromeritics) surface area analyzer (BET) that will be used to
characterize the new materials.
(http://www.pss.aus.net/products/micromeritics/equip_surface_area/2010/2020.html)
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2.7.1.1 Analysis Technique
The basics of the analytical technique used in these porosity systems are simple. A
sample contained in an evacuated sample tube was cooled to cryogenic temperature, and then
was exposed to the analysis gas at a series of precisely controlled pressures.

With each

incremental pressure increase, the number of gas molecules adsorbed on the surface increased.
As Adsorption proceeded, the thickness of the adsorbed film increased. Any micropores in the
surface were quickly filled, then the free surface became completely covered, and finally larger
pores were filled. Then adsorption process may began, in which pressure was systematically
reduced resulting in liberation of the adsorbed molecules. As with the adsorption process, the
changing amount of gas on the solid surface was quantified.
2.7.1.2 Sample Preparation for ASAP 2020 Porosity System
Long stem sample tubes were used to analyze dried porous samples using a minimum
sample size of 200 mg or more. The sample was putting in the sample tube and weighed. Then
the weight of empty bulb was subtracted from that to have the net weight of sample. A sample
tube was plugged into a degassing port and a heating mantle was attached to it. The parameters
for degassing, adsorption, analysis and final report were chosen, and the analysis was started.
The BET and Langmuir surface area, pore volumes, pore sizes, and pore size distribution of the
porous metal oxide aggregates of titanoniobate and triniobate were measured and compared at
110, 150 and 350 °C.
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2.7.1.3 Degassing Conditions used for the Evacuation and Heating Phase
Pretreatment of the porous materials was done to each sample in a degassing process.
The typical parameters were chosen for all samples are as follows:
The temperature ramp rate: 10 °C /min;
The target temperature: 90 °C;
Evacuation rate: 5 mm Hg/s;
The unrestricted evacuation began from 5 mm Hg/s;
Vacuum set point: 100 µm Hg;
Evacuation time: 30 min.
The ramp rate for the heating phase: 10 °C /min;
The holding temperature: 110 °C, 150 °C, or 350 °C for two hours;
Figure 2.29 shows the parameters for degassing.

Figure 2.29: Parameters for degassing the porous metal oxides in ASAP 2020 porosity system.
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Before analysis, sample tube containing sample was weighed and subtracted from weight of
empty bulb to see any weight loss. If there is any weight loss, we put the last number as sample
weight.
The parameters needed for the analysis of surface area, pore volume and pore sizes were
as follows:
The relative pressure range (p/p0): 0.05 to 0.3;
Backfill gas: Nitrogen gas;
When the degassing was complete, samples were removed from the degassing port and plugged
into the analysis port in order to run the samples in the analysis phase. Figure 2.30 shows the
parameters for analyzing porous aggregates.

Figure 2.30: Parameters for analyzing the porous aggregates samples in ASAP 2020 porosity
system.
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2.7.2 X-Ray Diffraction (XRD)
Structural characterizations and crystal structure (crystallinity) of the metal oxides of
titanoniobate and triniobate were carried out by powder x-ray diffraction studies (XRD) using a
D8 Discover, Bruker (Germany) at angles ranging from 5° to 75° two-theta (Figure 2.31). The
diffractometer is equipped with a LynxEye detector and a xyz-table for mounting the samples.
The radiation used was Cu-Ka.

This novel analyzer utilizes XRD for the qualitative and

quantitative analysis of crystalline phases.
Samples were prepared by placing around 100 mg of sample on a 20 mm center hole of a
2 mm thick aluminum plate. Diffraction data was collected for the starting materials KTiNbO 5
and KNb3O8, and for non-topo and topo sample of the porous metal oxides.

Figure 2.31: X-ray Diffractometer BRUKER D8 Discover.
(http://serc.carleton.edu/images/research_education/geochemsheets/techniques/D8-Discoverbruker.jpg)
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2.7.3 Environmental Scanning Electron Microscopy (ESEM) and Transmission Electron
Microscopy (TEM)
Scanning electron microscopy (SEM, S-4800, Hitachi, Japan, Figure 2.32) was used to
determine structure and pore sizes of the materials and the particle size of the reduced metal and
the metal deposition pattern. This technique makes it possible for us to study and compare the
surface morphology of the porous metal oxides of non-topo and topo titanoniobate and
triniobate.

Figure 2.32: SEM, S-4800, Hitachi, Japan.
(http://www.hhtc.ca/microscopes/sem/img/s4800.jpg)

Transmission electron microscopy (TEM) was done with a Zeiss EM-10 (Oberkochen,
Germany, Figure 2.33) to study the crystal size of materials.
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Figure 2.33: TEM, Zeiss EM-10, Oberkochen, Germany.
(http://www.voyle.net/Extra%202005%20Images/26-01-2005-1.jpg)

2.7.4 Other Instruments and Measurements
2.7.4.1 Reflectance UV-Vis Scanning Spectrophotometer:
Reflectance UV-Vis helped to characterize the catalysts photophysical properties in the
samples. Optical absorption spectroscopy in diffuse reflectance mode and the band gap of the
porous aggregates at different treatment temperatures were measured by a reflectance UV-Vis
scanning spectrophotometer (UV-Vis, UV-3101 PC, Shimadzu, Kyoto, Japan) (Figure 2.34).
Absorbance was measured over the wavelength range of 200 to 550 nm, and the onset of
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absorbance was determined by extrapolating the steep part of the rising absorption curve down to
the wavelength X-axis. Optical absorption spectroscopy in diffuse reflectance mode is able to
check for plasmon absorption bands from the metals on the oxides.

Figure 2.34: Reflectance UV-Vis Scanning Spectrophotometer, UV-3101 PC.
(cheshireoptical.com)

2.7.4.2 Elemental Analysis
Elemental Analysis (C, H, and N) of the porous aggregates of dry and vapor method of
titanoniobate and triniobate was done by Quantitative Technologies Inc (QTI), Intertek (NJ,
USA). Carbon, hydrogen and nitrogen were determined using Perkin-Elmer 2400 Elemental
Analyzer. This analyzer used combustion to convert the sample elements to simple gases, i.e.,
CO2, H2O, and N2. Upon entering the analyzer, the sample was combusted in a pure oxygen
environment. The product gases were separated under steady state conditions, and measured as a
function of thermal conductivity. The instrument was calibrated prior to sample analysis with an
NIST traceable organic standard. System suitability was confirmed by analyzing an NIST
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traceable organic standard. The standard was checked to within + 0.1% of its theoretical value.
All sample analysis was bracketed with a standard within + 0.3% of its theoretical value.
2.7.4.3 ICP-OES, FAAS, and GFAAS
Using an inductively coupled plasma/optical emission spectrophotometer (ICP-OES,
Perkin Elmer, Optima 4300 DV, Norwalk, CT, USA, Figure 2.35) made it possible to analyze
samples, obtaining elemental analysis to find out remain K+ in the samples and getting kinetic
data. Also quantification of metal reduction and deposition kinetics was done using inductively
coupled plasma optical emission spectroscopy

and flame and furnace atomic absorption

spectroscopy (FAAS, Perkin Elmer 5100 C, USA, Figure 2.36) using standard protocols.

Figure 2.35: ICP-OES, Perkin Elmer, Optima 4300 DV.
(http://www.noc.soton.ac.uk/geochem/Facilities%20Links/images/ICP-OES.JPG)
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Figure 2.36: FAAS Perkin Elmer 5100 C.
(http://www.bsanalyticalp.com/5100PC_ZL_c.JPG)
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Chapter 3
Photocatalytic Degradation of a Water Pollutant in the Presence of Porous
Titanium-Niobium Oxides
Summary
In this research high surface area semiconductors are being developed for their utility as
photo catalysts for the decontamination of water.
Heterogeneous catalysts that accelerate the photolytic destruction of organic
contaminants in water are a potentially inexpensive and highly effective way to remove both
trace-level and saturated harmful compounds from industrial waste streams and drinking water.
Porous photocatalytic materials can have the combined qualities of high surface area and
relatively large particle sizes, as compared with nanoparticulate catalyst powders like titanium
dioxide. The larger particle sizes of the porous material facilitate catalyst removal from a
solution, after purification has taken place. We have synthesized new kinds of photocatalytic
porous oxide materials made up of titanium and niobium mixed oxide nanocomposites that can
be used to purify contaminated water by accelerating the photodegradation of any kind of
organic pollutant. The new materials have very large open pore structures that facilitate the
diffusion, the surface contact of contaminants, and solvent flow through the catalyst. These
qualities enhance surface reactions important to the process. The new catalysts have shown
robust physical and chemical properties that make then candidates for real applications in
polluted water decontamination. The new catalysts exhibited excellent catalytic activity, but
with a strong pH dependence on the photo efficiency. These results suggest that elimination of
the ion exchange character of the catalyst would improve its performance at various pHs. This
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research proposes to study the effects of a topotactic dehydration reaction on these new porous
material catalysts, comparing the photocatalytic activies with that with other synthetic methods
and the parent materials.
3.1

INTRODUCTION
Water pollution is one of the most serious environmental problems. When human and

other animal wastes, toxic chemicals, metals and oils from farming, industry and human
activities enter water systems, then fish, animals, plants and finally humans are all affected. In
the world, industry is one of the biggest sources of pollution, accounting for more than half the
volume of all water contamination and for the most deadly pollutants.

For example, dye

pollutants produced by textile industries have become a major source of environmental
contamination (Hoffmann et al., 1995; Houas et al., 2001; Moiseev et al., 2004).

Many

manufacturing facilities use huge amounts of freshwater to carry away wastes. The effluent is
often discharged into streams, lakes, or oceans, which in turn disperse the polluting materials.
When contamination reaches underground water tables, it is difficult to correct pollutants and
can spread over wide areas (Bao et al, 2004). Major water clean-up efforts include treatment of
natural waters and sewage treatment plants as inputs to city water supplies. Many pollutants,
such as halogenated hydrocarbons and pesticides, can be persistent in the environment and are
hazardous with chronic exposure at ppm and ppb concentrations (Shertzer et al., 2004).
There are many processes and technologies available at the present time for water
treatment of polluted water. Wastewater treatment techniques most frequently used include
chemical, physical, and biological processes.

These have been known to remove organic and

inorganic contamination from water. Even though treatment of urban wastewater has become
stricter with physical and biological techniques, which greatly reduce the pollution, it does not
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meet current standards. The targets are aimed toward greater use of chemical treatment and
advanced filtration in order to comply with standards and to recycle more used water (Hincapié
et al., 2006). Physical and chemical methods include the use of anion exchange resins (Karcher
et al., 2002), flotation (Lin and Lin, 1993), ozonation (Zang, 2002), electroflotation,
electrochemical destruction, irradiation (Shen and Wand, 2002), adsorption (Nasser and ElGeundi, 1991), filtration and the use of activated carbon (Pala and Tokat, 2002).
Current techniques for contaminant removal from waters are expensive and at times they
are not efficient. Some of the physical and chemical treatment techniques are effective for water
decontamination but use more energy and chemicals than biological processes. However,
biological processes take longer times to complete. Chemical treatments also concentrate the
pollution into solid or liquid sidestreams requiring additional treatment or disposal. The use of
physical and chemical treatments techniques in the industry is not widely implemented due to
high toxicity and cost considerations (Edwards, 2000; Lin and Chen, 1997).
In the last decade, the use of TiO2 as a photocatalyst in the treatment of wastewater, has
achieved great attention (Karches et al., 2002). Pollutants are degraded under irradiation with
UV light when TiO2 is present. The semiconductor particles can either be attached to a proper
support as a fixed or mobile fluidized bed, or diffused in the irradiated aqueous solution as a
colloidal suspension (Pozzo et al., 1997). Powdered catalysts are a lot more effectual than when
immobilized or maintained in the photodegradation of any dangerous molecule (Robert et al.,
1999). The main trouble in utilizing a fine semiconductor in an aqueous slurry and the difficulty
with this material is the need for its recovery after treatment; the powder stays suspended in
water which in return clogs off filters. The use of filters or other methods to remove TiO 2 from
the treated water has been proved to be inefficient and costly (Benedix et al., 2000).
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Contaminant degradation occurs on or near the surface, moreover, which is strongly related to
the colloidal stability of the suspension, making an increased particular catalyst area of big
interest. It is expected, accordingly, that the best catalysts for photocatalysis will be easily
suspended in water and sediment, subsequently (Malato et al., 2003).
There is a deal between catalytic activity and particle size. The catalytic activity per unit
mass of photocatalytic material increases as the particle size decreases to the nanoparticulate
size, because the surface area to volume ratio rises (Bao et al., 2004). Reactive photoelectronhole pairs are more likely to be at or near the surface when particle size and dimension are below
the debye length and decreases. Consequently, they are more available for useful reactions.
Indeed, nanoparticulate TiO2 with 10 to 50 nm particle diameters (Degussa P25) has been shown
to be one of the most effective commercial catalysts. However nanopowders are very fine
particles and are difficult to remove from product streams, especially on large scale systems
(Saupe et al., 2005). Although nanopowdered TiO2 has shown substantial effectiveness in
oxidation processes, the operating cost for the total mineralization of hazardous organic-laden
effluents would also include the cost of separating the powders from the water after treatment, by
either sedimentation and/or ultrafiltration (Malato et al., 2002; Malato et al., 2003). Due to the
fact that smaller particles easily stay suspended in the water, penetrate filter materials, and clog
filter membranes, recuperation of an extremely dispersed and suspended catalyst from the
cleaned water becomes ever more difficult as the particle size diminishes (Bao et al., 2004;
Malato et al., 2003).
The other predicament signifies the interiors of large particles that are screened from
photons by the surface layers and cannot take part in the photochemical process. At least on a
per unit mass basis, this shadow effect significantly decreases the activity of a catalyst.
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Electron/hole pairs have furthermore restricted mobilities in the solid and the probability of
energy reduce wasting electron/hole recombination is higher if they have to travel farther to
reach the surface where they can create useful reactions (Martin et al., 1994). Thus, the catalytic
surface can be considered as a reactant in the overall process, therefore raising the quantity of
surface per unit volume escalates reaction rates. For these reasons, new materials with big
particle sizes and surface area need to be developed. However, creating large particles or
immobilized catalysts without decreasing their effectiveness remains a challenge. There are a
few disadvantages, consequently, associated with TiO2 which include low specific surface area,
poor mechanical strength, poor thermal stability, and lack of abrasion resistance. Therefore,
several efforts can be found in the literature to intensify the specific surface area and thermal
stability of TiO2 anatase structure by introducing a variety of metals or non-metals into the
titania matrix (Reddy et al., 2003). Previously, the synthesis of large-pore transition metal
oxides via traditional low-temperature routes has resulted in poor thermal stability, due to the
materials’ tendency to change from their amorphous states to crystalline solids during heating.
These changes often result in pore collapse, loss of structural integrity, and diminished surface
areas (Lee et al., 2001; Lee et al., 2002).
One solution to the sedimentation problem of nanoparticle TiO2 may be to develop larger
catalyst particles, which combine large-pore porous architecture, high surface areas,
nanostructured pore walls, and large particle size that make them to settle out of solution and can
be filtered easily.

The open pores in the catalyst permit free fluid flow and allow light

penetration throughout the catalytically active interior (Saupe et al., 2005).
Heterogeneous photocatalysis appears as an emerging destructive technology among the
new oxidation methods or advanced oxidation processes. This technology leads to the total
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mineralization of most of the organic pollutants. UV light chemically activates photocatalysts
which are wide band gap semiconductor metal oxide. It has been shown that they increase the
oxidation rates of water borne contaminants (Houas et al., 2001; Goutailler et al., 2001, Pozzo et
al., 1997). Porous metal oxides made up of titanium and niobium metal oxide such as HTiNbO 5
have wide band gap. HTiNbO5 can be separated easily from solution, and therefore prevent the
problems of nanocrystalline anatase in photocatalysis. This is key factors for designing new
low-cost, large scale photocatalytic process (Saupe et al., 2005). As a result, novel photocatalyst,
self-cleaning material, is suitable for the treatment of drinking water and industrial wastewater
(Kabra et al., 2004). The following characteristics make those competitive materials in respect
to other oxidizing decontaminants:
Ideally, a low-cost photocatalyst would be preferred for a long term use. The reaction at
standard conditions (room temperature, atmospheric pressure) is quite fast. They are effective in
full mineralization of organic contaminants in water (a wide spectrum of organic contaminants
can be converted to water and CO2). Also these materials can be applied for the cleanup metals,
which are converted to their less-toxic/nontoxic metallic states (Benedix et al., 2000). The
addition of extra chemicals is not necessary for chemical reaction to occur, and side reactions are
produced (Karches et al., 2002).
Disregarding temperature and radiation intensity, the rate of reaction is obtained from the
decrease in the concentration of a reactant with time of irradiation. Langmuir-Hinshelwood
kinetics is usually observed and is expressed by:
r = kK[C] / (1+K[C])
where r is the rate of reaction (in this study dye mineralization), k is the rate constant, [C] is the
reactant (dye) concentration, and K is the adsorption coefficient or adsorption equilibrium. At
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low concentrations K[C]«1, and the rate of reaction= kK[C] whereas at high concentrations, the
rate is nearly equal k. Therefore, integration result in previous equation (at low concentration of
dye (C<10-3M), K[C]«1) gives:
ln [C0]/[C]= k’t
where k’ is in units of time -1. First order kinetics of the reaction is often observed when log of
initial slope of the kinetic curves is plotted against log [C0] i.e. initial concentration to give a
straight line. The assumption of a pseudo-first order model can be used in studies to characterize
the effect of different experimental conditions on the degradation rate (Malati, 2001; Khalil et
al., 1998; Hermann et al., 1986).
HTiNbO5 exfoliated sheets, as two-dimensional (2D) single-crystal metal-oxide sheets
can be obtained from layered HTiNbO5 (Fang et al., 1999). The lamellar titanoniobate KTiNbO5
can be proton exchanged to HTiNbO5, and subsequently condensed topochemically to the threedimensional phase solids in bulk form Ti2Nb2O9 as described by Rebbah et al. Some lamellar
solids get converted, by condensation reactions, into three-dimensional frameworks as HTiNbO5
dehydrate topochemically to compose Ti2Nb2O9 (Rebbah et al., 1979).
It has been observed that a sequence of thermal decomposition reactions take place with
both thin films and bulk intercalation compounds prepared from polyallylamine hydrochloride
and titanoniobate colloids, and the last step, which takes place at about 350-475 °C, is consistent
to the change of HTiNbO5 to Ti2Nb2O9. This is known to be a topotactic condensation reaction
with polycrystalline HTiNbO5 (Fang et al., 1999). Topochemical dehydration of HTiNbO 5 to
Ti2Nb2O9 reduces the loss components linked with intra and inter particle proton movement.
TGA measurements have verified that a phase transition occurs at 350 °C, with the loss of about
3.5 wt. %, comparable to ―2HTiNbO5 → H2O + Ti2Nb2O9‖ which presents denser material. OH
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groups from adjoining layers condense in this reaction, removing water and joining the corners
of titanate and niobate octahedra, as shown schematically in Figure 3.1. Even though other
possible mechanisms remain, this reaction eliminates intragrain (intraparticle) proton motions as
a potential contributor to dielectric loss. The creation of the metastable three-dimensional solids
Ti2Nb2O9 is a result of the topochemical condensation reactions of HTiNbO 5 (Fang et al., 1999).

2HTiNbO5 → H2O + Ti2Nb2O9
Figure 3.1: The ASAP Schematic structural depiction of the topochemical condensation of
HTiNbO5 to Ti2Nb2O9.
(Fang et al., 1999)
We have developed a way to make crystalline, large-pore Ti and Nb mixed oxide
semiconductor materials with high thermal stability, using lamellar particle colloids. These new
porous oxide materials have improved 3-D electronic conduction compared to layered and nano
particular semiconductors. The nanostructure porous HTiNbO 5 prepared in this work is of
highly photooxidative activity, stable phase at high temperatures, nanostructured pore walls,
large surface area and highly photocatalytic activity. The large particle size makes them settle
out of the solution and enables them to be filtered easily.

The new catalyst has open pores

which permit free fluid flow and allow light penetration throughout the catalytically active
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interior which may be a promising characteristic and could impart higher reactivity by raising the
surface concentration of photoelectrons and holes. However, it has a strong pH dependence on
the photo efficiency. In a previous study that our group conducted, preliminary photolysis tests
were done to investigate the catalytic characteristic and suitability of a new porous oxide
semiconductor catalyst intended for the use in photolytic water decontamination systems. These
results suggest that elimination of the ion exchange character of the catalyst may greatly improve
its performance at various pHs. Therefore, we present experimental data on the photo activity of
unique porous semiconductor photocatalyst with nanodimensional pore walls and large pores.
The new catalyst may have the catalytic advantages of small nanoparticles (Stroyuk et al., 2005;
Abrams and Wilcoxon, 2005) while retaining the material handling qualities of bulk powders.
The new material is agglomerates of single crystal nano particle sheets, derived from the
exfoliation of the layered, wide band gap semiconductor KTiNbO 5. The experiments that we
conducted are part of a study (Saupe et al., 2005) to investigate new material possessing better
photocatalytic activity at various pHs with organic contaminants. Having better photocatalyst
enables us to investigate the decontamination characters by observing the dye decolorization
kinetics and patterns. This material is being researched for the decontamination of water from
organics, and topotactic dehydration will serve to enhance photocatalytic activity. Hence, the
goal of this research is to develop and explore high surface area porous materials as a
photocatalyst in the decontamination of water with organics, and to study the effects of a
topotactic dehydration reaction on these new porous material catalysts.
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3.2

EXPERIMENTAL METHODS AND MATERIALS

3.2.1 General
All water used was purified and deionized using state of the art microfiltration and ion
exchangetechnologies.

All acids and bases were purchased from Fisher Scientific (Fisher

Chemicals, USA).

Bromocresol green (MW=698.02 g/mol)

was purchased from Sigma-

Aldrich (Milwaukee, WI) and had a 95% dye content, which was taken into account in the dye
solution preparations. All other chemicals used for experiments were purchased from GFS
Chemicals (Powell, OH, USA) or as indicated. TiO 2 P25 powder (30% rutile, 70 % anatase; 2030 nm particle size, surface area ~ 50 m2/g) was obtained from Degussa (Germany).

All

experiment steps were done at 20-25˚C. All pH measurements were taken with a standard pH
meter using a special low-leakage probe (Henna instruments pH 213, microprocessor pH meter,
Portugal) to prevent leaking of potassium ions which precipitates our colloid in this work.
3.2.2 Parent Materials and Acid Exchanged
KTiNbO5 parent materials were synthesized using a literature preparation (Kikkawa and
Koizumi, 1980; Saupe et al., 2000; Fang et al., 1999; Fang et al, 1999; Wadsley, 1964; Saupe et
al., 2005). Briefly, stoichiometric amounts of K2CO3 (5% mol excess), TiO2, and Nb2O5 were
ground into fine powders and mixed thoroughly. The mixture was then heated in air at 1050˚C
in an alumina crucible for 10 h.

The crystal structures were verified via Powder X-ray

diffraction using a D8 Discover, Bruker (Germany). Synthesis of the HTiNbO5 precursor was
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accomplished by doing cation exchange reactions in strong acid solutions, which involves
stirring powdered KTiNbO5 in 3-4 M HCl solutions for 4 days and refreshing the acid solutions
every day. The HTiNbO5 solid product was rinsed twice and placed into a glass petri dish and
dried at room temperature.
3.2.3 Colloid Preparation
HTiNbO5 exfoliated sheets were prepared by exfoliation and aggregation of layered acid
exchanged HTiNbO5 through soft-solution processing.

Chemical exfoliation was done by

stirring about 2 g of HTiNbO5 in 100 mL of water and adding a solution of 40%
tetrabutylamonium hydroxide (TBA) drop wise until the colloid was stable at pH 9-10. To
minimize the need for constant pH meter use, phenolphthalein pH indicator dye was used (added
in minimal amounts to create color) as an internal indicator of falling pH. The resulting colloid
is stable if it is isolated from atmospheric CO2, which acidifies the solutions. During storage and
with atmosphere present, periodic pH adjustments to the colloid with TBAOH are necessary.
Exfoliated KTiNbO5 material produces lamellar colloid, which consist of particles that are
individual sheets of metal oxide in solution. Each sheet is a single crystal layer from the parent
material and is therefore negatively charged, which imparts their colloidal character.

The

anionic colloidal sheets were agglomerated into porous aggregates via a precipitation reaction.
3.2.4

Synthesis of the Porous Metal Oxide Using Wet Method Precipitation
Colloid of the titanoniobate particles was precipitated into porous solid by mixing about

1.07 mL of a stock solution (0.0276 g/ml pH 9-10) with 5.93 mL of water. The diluted colloid
was then squirted quickly into 10 mL of 2 M sulfuric acid. After letting the solid stand for 1 h,
compaction and sedimentation of the resulting solid agglomerates was facilitated by gentle
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centrifugation (rpm=500 for 10 min.) so that the supernatant liquid could be removed and
replaced repeatedly (about 4 times) with fresh water for thorough rinsing. The oxide for these
experiments remained wet until used in the photolysis. The pH of the porous solid suspensions
were adjusted with dilute hydrochloric acid, and potassium hydroxide solutions with a standard
pH meter using a special low-leakage probe such as Henna instruments pH 213, Portugal.
3.2.5 Synthesis of the Porous Metal Oxide Using Vapor Diffusion Method Precipitation
Colloid of (TiNbO5 -)n, derived from HTiNbO5, was precipitated into porous solid by an
acid vapor diffusion precipitation method. This is accomplished by mixing 4.0 mL of a colloid
stock solution (0.0276 g/ml pH 9-10) with 20 mL of alcohol. The diluted colloid was contained
in an open vial and was placed in a covered beaker. In the floor the same beaker was placed 2
mL of concentrated HCl, letting the resulting solid stand undisturbed for 2 days. To dry sample,
following procedure took place (section 3.2.6), otherwise wet sample was facilitated by gentle
centrifugation (rpm=500 for 10 min.) so that the supernatant liquid could be removed and
replaced repeatedly (about 4 times) with fresh water for thorough rinsing. For having 0.0296
grams sample from a solution with 4 mL of a colloid stock solution (0.0276 g/ml), the volume of
the remain sample after rinsing was measured and the amount of liquid gives 0.0296 grams of
titanoniobate was calculated and taken to a quartz tube for photolysis test. At the end, the results
of photolysis of this method were compared with previous method and colloidal materials.
3.2.6 Solvent Removal and the Drying Process
Drying precipitated solids was done by solvent exchange followed by CO 2 supercritical
point drying (Polaron Critical Point Dryer, E3000 Series, Quorum Technologies, East Sussex,
U.K). High surface area is important for activity of any catalyst. The supercritical point CO2
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drying process allows samples to be dried without surface tension problems, which can crush
porous materials during drying. It dries sample with a high surface area. This process was used
to dry porous samples that have been made in water or alcohol. The water/alcohol will be
replaced by acetone prior to the drying process using series of solvent exchange steps. No
centrifuging of these samples was done. Then the acetone was displaced by liquid CO 2 as part of
the drying process. For doing this part, sample made in vapor method, as mentioned at previous
section (3.2.5), directly will be used (without centrifuging).
3.2.7

Topotactic Dehydration
A topotactic dehydration reaction was followed by heating the dry porous material

catalyst in to about 450 °C for 2 hours in a high temperature furnace. At this temperature, it
expects the condensation reaction of non-topo HTiNbO5 to topo Ti2Nb2O9 occurs. This will
―lock-in‖ the structure by creating covalent bonding where ionic bonds once were and eliminate
the ion exchange capacity of the porous oxide materials. This change will give the material
greater pH independence and possibly improve the robustness of the solids.

Also, by

dehydrating the material topotactically, they can be made more robust, as the ionic bonding is
converted in to covalent bonding.
3.2.8 Titration
To compare the ion-exchange capability of unheated (non-topo) dry porous samples with
heated (topo), an acid-base titration test of each was performed. It was done by crashing sample
and adding 10 ml of DI water to that. The oxide material was magnetically stirred for 3-4 hours.
All pH measurements were taken with pH meter while adding aliquots of 0.104 M KOH every 5
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minutes, until the pH reached 12. For a topo samples, the 0.104 M standard KOH was diluted 10
fold before use.

3.2.9 Photolysis Setup
The dynamic wet-state photocatalytic effectiveness was evaluated by examining the
change of concentration of a colorant solution of bromocresol green dye (BG).

In each

experimental measurement 0.0296 g of parent material, or dry oxide material (non topo or topo),
or wet material by either wet method or vapor method (explained at section 3.2.5), or 1.07 mL of
a stock solution of colloid of titanoniobate (0.0276 g/ml pH 9-10) was magnetically stirred in a
total 25.00 mL of a solution of 20 µM (about 13.96 ppm) bromocresol green dye in water. The
colorant solution of dye stored in dark condition. The absence of measurable dye adsorption
(<13.96 ppm change) onto the photolysis apparatus and catalyst materials was confirmed (Saupe
et al., 2005). All oxide particles were stirred in an upright 25 mm diameter quartz tube. The
quartz tube (total volume was 60 mL) was sealed at the bottom with a quartz plate was open at
the top. The oxide-containing colorant solution was vigorously shaken under UV irradiation. A
Penray (UVP LLC, USA) Hg light bulb (UV pen lamp, Origin model 35C-9, rated 5.4
mW/cm2@19 mm@254 nm) with UV intensity 5.4 mWcm-2 was used to irradiate the samples at
a distance of 23 mm (face of bulb to face of quartz vessel). The amount of UV reach to the
sample was measured with light power meter (PM 100, Thorlabs Inc., Newton, New Jersey,
USA) in conjunction with a thermal sensor (S212A-10 W, Thorlabs Inc., Newton, New Jersey,
USA) and it was around 11.98 mW (1.63 X 1017 photon/sec.). Air was not bubbled or mixed into
the reaction solutions, but normal air was present in the headspace of the reaction vessel. Each
photolysis experiment for each pH and for each catalyst was carried out three or more times. No
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heating effect was observed in the reaction vessel due to the UV source over the course of the
experiments. Experiment was done for each sample at pH=2, 3.6, 7 and 9.

3.2.10 Sampling and Measurements
Samples from the photolyzed solution were taken at the indicated time intervals using a
glass pipet. Fifteen samples were taken in different times in each experiment while it was
stirring with a magnet. The BG solutions ratio was kept constant for the entire time of each
photolysis. Centrifugation at 3000 rpm for 15 minutes was necessary to remove particles prior to
analysis.

Therefore, Samples were subsequently centrifuged in test tubes, because rising

baseline problems in the UV-Vis spectrophotometer, which are easily observed during a spectral
analysis, are created by light scattering from suspended particles in solutions.

Suspended

particles were not observed after centrifuging. The UV-Vis transmission was acquired on a UVVis scanning spectrophotometer (Varian Cary 300 Bio UV-Visible spectrophotometer, Australia)
in a wavelength range of 350-750 nm. The UV-Vis absorption spectra of the colorant solutions
were recorded at 616 nm and the optical absorbance of the supernatant was analyzed for BG.
The change of colorant concentration was analyzed following the intensity of the characteristic
absorption peak of bromocresol green at 616 nm. The detection limit of this spectrophotometer
for BG is 0.1 µM (0.0698 ppm). No affinity for the dye by the catalyst particles was observed at
the experimental pHs. Photolysis data curves were fit to first order decay functions.
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3.3

RESULTS AND DISCUSSION

3.3.1

Characterization

3.3.1.1 TEM Images
Images of the wet non-topo porous oxide catalyst made of titanium and niobium mixed
oxide (HTiNbO5) were observed using a transmission electron microscope at 60 kV (TEM, Zeiss
EM-10, Oberkochen, Germany). The TEM pictures showing the aggregation of the sheets, and
their folding, wrinkling and rolling that leads to the observed random porosity are show in Figure
3.2. Several research groups have analyzed the nanosheets in porous material by TEM and
electron diffraction patterns and reported that the single-layer nanosheeets preserve their original
crystal structures after exfoliation (Takagaki et al., 2003; Sasaki et al., 1996; Sasaki and
Watanabe, 1998; Sasaki et al., 2001).
TEM image of exfoliated porous material shows that these sheets are flexible and
disordered. Structural analysis of the porous solid using electron microscopy has revealed that
the non-topo porous material contains overlapping layers of oxide material (Figure 3.2).

Figure 3.2: TEM images of colloidal TiNbO5 - sheets obtained by the exfoliation of layered
HTiNbO5.
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3.3.1.2 SEM Images
The morphology of both CO2-dried non-topo (not heated) and topo (heated at 450 °C)
titanoniobate porous metal oxide samples was inspected using Scanning Electron Microscopy
(SEM, S-4800, Hitachi, Japan). Figures 3.3 and 3.4 show the existence of high porosity for both
non-topo and topo materials. It describes the homogeneity of the sample and very thin pore walls
throughout the sample. Notice that in the SEM images with the 5 μm size bar show smaller
features and pores raggedness for topo material compared to those of non-topo. The different
density of these two porous materials is due to the loss of water during the thermal treatment
(2HTiNbO5 → H2O + Ti2Nb2O9). The same result was observed by Fang et al. (1999).
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Figure 3.3: SEM images of dry non-topo of HTiNbO5.

Figure 3.4: SEM images of dry topo of HTiNbO5.
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Figure 3.5 shows the SEM images of acid-exchanged and non-topo HTiNbO5. These
observations reveal the presence of occasional unexfoliated and mostly exfoliated sheets in POX
material. The exfoliation of sheets enables the high surface area of the porous materials. This
explanation was confirmed by the results of BET.
The BET measurements show a surface area about 2.06 m2/g for the layered unexfoliated
HTiNbO5 and 123.1 m2/g for exfoliated HTiNbO 5. Takagaki et al. reported also that the BET
surface area of the layered HTiNbO5 was only 1 m2/g, while that of HTiNbO5 exfoliated sheets
reached 150 m2/g (Takagaki et al., 2003).

Figure 3.5: SEM images of unexfoliated (parent material) (left) and exfoliated (right) HTiNbO5.

3.3.1.3 XRD Patterns of New Porous Metal Oxides
The crystal structures and XRD patterns of starting material (parent material) KTiNbO 5,
acid exchange, dry non topo titanoniobate, HTiNbO5, and topo titanoniobate, Ti2Nb2O9, were
verified via powder X-ray diffraction using a Bruker D8 Discover, (Germany). Data are shown
in Figure 3.6.
As the picture shows the XRD patterns changed before and after the acidic treatment.
High crystallinity was observed for the parent and acid exchanged materials. The first intense
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peak for the parent material at about 9° 2θ corresponds to the inter-layer spacing of the sheets
(distance between the sheets or d-spacing). The most interesting feature observed here is that the
corresponding peak shifts to the higher diffraction angle for acid exchange materials. If the
chemical reaction occurring here is the substitution of potassium by a proton, this peak
corresponding to the interlayer spacing should shift to higher diffraction angle as it did
(Takahashi et al., 2000). These results show that the parent material and acid exchange samples
have fine ordered layer structures (Houari, et al., 2005). The shift of this peak to the lower and
higher 2θ for the non-topo HTiNbO5 and acid exchange sample, respectively, could correspond
to the different distance between the sheets.
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Figure 3.6: XRD patterns of parent material KTiNbO5, acid exchanged HTiNbO5, non-topo
(HTiNbO5), and topo (Ti2Nb2O9).

126

The XRD pattern of nanosheet porous aggregates (non-topo and topo HTiNbO5) indicates
a much poorer periodic layer structure than that of the original HTiNbO 5 (acid exchanged) and
also shows a lower degree of crystallinity (polycrystalline) compared to those of parent material,
KTiNbO5, and acid exchanged.
Loss of diffraction peaks in the non topo and topo porous aggregates is due to the random
orientation of the restacked sheets and the loss of periodicity in the planes. Upon exfoliation, the
sheets lose registry with one another as they did in parent material (not line up anymore) (Fang et
al., 1999; Yang and Frindt, 1994). When restacked, random registry is expected, with no x-ray
diffraction peaks from the in plane atoms, which no longer form layers with other atoms in
neighboring sheets. However, the small peaks present on the XRD pattern of non-topo HTiNbO5
demonstrate that some periodicity occurs, mostly from poorly organized restacking layers. This
layer peak is almost non-existent in the XRD pattern of Ti2Nb2O9 at 450 °C (topo material).
This is due to the topotactic dehydration reaction and removal of the interlayer cations that
occurs in these materials at elevated temperatures.
3.3.1.4 Surface Area and Pore Analysis of New Porous Metal Oxides (BET)
BET surface areas, Langmuir surface areas, pore volumes, and pore sizes of dry non topo
titanoniobate materials at various temperatures (110 °C, 150 °C, and 350 °C) were measured and
are shown in Table 3.1. Prior to the BET measurement, catalyst was degassed with nitrogen at
90 °C under vacuum for 3 h and backfilled with helium or nitrogen gas to remove excessive
moisture or adsorbed contaminants on the samples’ surface. After degassing, the complete
analysis took about 10 h. The obtained data were automatically calculated by the BET equation
with the computer-aided system. As shown in the table, BET surface area, Langmuir surface
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area and pore volume increased with the temperature. However, a significant change was not
observed for the pore size at different temperatures.
In general, the structure of catalyst including surface area and pore size could have some
effect on catalytic activity. The long process of photodegradation requires a large number of
adsorption sites, not only for the primary pollutant but also for all intermediate products. Hence,
it can be easily considered that the higher the specific area, the better the efficiency (Guillard et
al., 1999). The surface area of the layered unexfoliated HTiNbO5 made in this study was measured by
2

BET and it was about 1.02 m2/g while it was 123.1 m /g for exfoliated HTiNbO5 and increased up to

176 m2/g for the topo titanoniobate.
Table 3.1: Surface parameters of HTiNbO5 at different temperatures.

Figure 3.7 demonstrates BJH desorption cumulative pore volume verses pore diameter of
titanoniobate at various temperatures. It shows at different temperatures the random pore size
distribution with a majority of the pore volume coming from very large pores. Also results show
the non-topo porous oxide catalyst made of a titanium and niobium mixed oxide, HTiNbO5, has
a random open pore structure, with pore size distribution ranging from 17 to 3000 Å (1.7-300
nm) in diameter. In addition to the porosity, the colloid-derived non-topo material contains a
layered pore wall structure, which forms when the colloids are condensed with acids.
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Figure 3.7: BJH Desorption cumulative pore volume verses pore diameter of titanoniobate at
various temperatures.

Figure 3.8 Demonstrates BJH desorption cumulative pore area verses pore diameter of
titanoniobate at various temperatures. It shows the random pore size distribution with much of
the pore volume coming from very large pores.
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Figure 3.8: BJH Desorption cumulative pore area verses pore diameter of titanoniobate at various
temperatures.
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Figure 3.9 shows BJH desorption dV/dD pore volume verses pore diameter of titanoniobate at
various temperatures. In spite of overall randomness, there is a common pore size which peaks
around 39 Å at 110 °C, 38 Å at 150 °C, and 40 Å at 350 °C (density is near 0.0276 g/mL). This
peak may be due to the formation of loops when the sheets of titanoniobate material are folding.
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Figure 3.9: Distribution of pore size of titanoniobate at various temperatures which
shows a peak at pore diameters of around 38 Å to 40 Å for various temperatures (110, 150 and
350 °C). This is likely to be from the hollows along the folds of the sheets.
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It is interesting to mention that during the pretreatment of samples in the BET (heating
under vacuum) it was observed that samples of titanoniobate porous materials had changed color.
Samples began turning gray from 150 °C and were darker up to 350 °C (Figure 3.10). However,
during the topotactic dehydration when the samples were heated in the furnace (exposed to the
air) up to 450 °C, samples started out gray at 150 °C and by increasing temperature up to 300 °C,
they became darker. After heating between 350 °C to 450 °C, their color change to white (whiter
than before), while in BET, samples remained gray. The mysterious gray color is probably due
to carbon present in the samples. It is speculated that oxygen plays a role in the color transition
since it mixes with the carbon left from burning the organic materials in the porous material
samples. Upon heating, the residual carbon compounds in the samples lose electrons (oxidation)
and these electrons are gained by niobium, which reduces from Nb (V) to Nb (IV). The change
in oxidation state of niobium from (V) to (IV) may also be the reason for color change of
samples.

Figure 3.10: Color change of titanoniobate from white to gray at BET (under vacuum).
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It is well known that niobium (IV) oxides are grey/black. It is also possible that the
carbon itself is the source of gray color. In both cases, the gray color disappeared when the
samples were heated above 350 °C in air. This is due to transformation of residual carbon into
carbon dioxide gas.
3.3.1.5 Elemental Analysis and ICP-OES Study
Elemental analyses of titanoniobate porous metal oxide samples were carried out by
Intertek, Quantitative Technologies INC. (QTI), NJ. One sample of HTiNbO 5 was prepared by
drying HTiNbO5 by supercritical CO2 and the other sample was prepared by vapor diffusion
method (see section 2.2.4.2) which after letting the solid stand for 2 days, compaction and
sedimentation of the resulting solid agglomerates was facilitated by gentle centrifugation
(rpm=500 for 10 min.). Therefore, the supernatant liquid was removed and replaced repeatedly
(about 4-5 times) with total 50 mL fresh DI water for thorough rinsing. Then, the sample was
dried in air. The results of elemental analysis of these two samples are in Table 3.2.

Table 3.2: Elemental composition of titanoniobate porous metal oxide by dry and wet method.

As it is shown in the table, there is some carbon content in both samples which could be
the cause of the mysterious gray color, as explained before.
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The results demonstrated at Table 3.3 are ICP analysis of the HTiNbO 5 was made in the
lab. It was measured by ICP-OES (Optima 4300 DV, Perkin Elmer, Norwalk, CT, USA) to
confirm the ratio of elements in compound. It showed after all acid exchanged was done in
previous steps, still there was a little amount of potassium remained in the sample, but the ratio
of Nb/Ti is almost the same ratio of HTiNbO5 which is 1.94.
Table 3.3: ICP-OES analysis of non-topo and topo titanoniobate porous metal oxide.

3.3.1.6 UV-Vis Absorbance Reflectance Spectra
The UV-Vis absorption reflection spectra of titanoniobate samples of acid exchanged,
non-topo and topo porous metal oxides, and a sample prepared by wet method was measured
using UV-Vis, UV-3101 PC, Shimadzu, Kyoto, Japan. The onset of absorption (absorption
edge) was obtained by extrapolating the steep part of the rising absorption curve (Figure 3.11).
The onset is the point when electron and holes get separate from each other and this is the point
that UV starts to absorb and the band gap energy can be calculated.

Figure 3.11: The method used to determine the onset of absorbance.
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The onset of absorption of titanoniobate samples of acid exchange, non-topo and topo porous
metal oxides, and sample prepared by wet method are shown in Table 3.4.

Table 3.4: Onset of optical absorbance of titanoniobate metal oxide.

From the onset of absorbance (Figure 3.12), a blue shift in the spectra of the non-topo
porous metal oxides versus the acid exchanged and topo material was observed. This blue shift
is due to the structure and morphology of the materials. In acid exchanged, there is bulk or big
stack of sheets where millions of sheets are together and make layered materials. This causes
absorption of lower energy and making a red shift. In comparison with the acid exchange
material, the single sheets in non-topo behave like nano particle composites, which absorb higher
energy and cause a blue shift. The absorption edge at about 404 nm in acid exchanged turned
towards lower wavelength for the non-topo material. This could be because of a transformation
in the effective size of particles (Houari et. al., 2005). The quantum confinement and onset
absorption can be effected by the size and shape of the particles (Centeno et al., 2002; William
and Colvin, 2003). Because the sheet particles in non-topo turn from bulk to nano scale, this
could easily lead to electronic quantum confinement and cause an increase in the band gap.
When heated these porous metal oxides (topo porous metal oxide) have shown a slight red shift,
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which might be due to an increase in the particle size. This red shift could be also related to the
removal of H+ between the sheets in topo that drive it to a more bulky material compare to the
non-topo. Existing water molecules in addition to H+ between the sheets in wet material cause
sheet separation and electron quantum confinement and a larger bandgap leading to a blue shift.

Figure 3.12: Absorbance data for the titanoniobate samples (unexfoliated, non-topo, topo and
wet method).
3.3.1.7 Ion-Exchange Capability of Non-Topo Sample with Topo Using Titration Method
Figures 3.13 (a) and (b) are representative data graphs showing ion-exchange capability
of non-topo and topo porous metal oxide catalyst. Figure 3.13 (a) shows that non-topo material
needs a lot of 0.104 M KOH to change pH to 12 while a small amount of KOH with the same
molarity, could result to a significant change in pH (Figure 3.13 (b)).
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Figure 3.13: Titration of porous metal oxide catalyst with 0.104 M KOH for: a) non-topo, b) topo
porous materials.
The small change in pH and higher ion-exchange capability of non-topo material could
be explained by the existence of interlayer proton in the structure. In the case of non-topo
material, an ion exchange takes place that results to the replacement of the interlayer H + by K+.
The free protons react with the OH - anions to produce water molecule. Therefore, the fast change
in pH when adding the KOH solution is related to the absence of inter layer protons, removed by
thermal treatment.

137

3.3.2 Photocatalytic Test
3.3.2.1 Photocatalytic activity of parent Material, Non Topo and Topo porous oxides
Photocatalysis of 20 µM aqueous solutions of the test dye, bromocresol green (BG), were
carried out in the presence of a new porous semiconductor catalyst at pH 2.0, 3.6, 7.0 and 9.0
under ultraviolet light illumination and measured by Varian Cary 300 Bio UV-Visible
spectrophotometer. The photocatalytic breakdown of organic dyes such as BG, methylene blue,
rhodamine B, and others are used as model substances for organic pollutants. Perhaps because
of the simplicity of the analytical tools required to follow their reactions, dyes have been widely
used as model compounds for the evaluation of newly developed photocatalysts (Bao et al.,
2004; Marugán et al., 2007; Kim and Park, 2006). Since BG turns yellow in an acidic solution
and blue in an alkaline solution, it is also suitable for monitoring the photodegradation process.
Figures 3.14 (a), (b), and (c) are representative data graphs showing the degradation of
BG over time during UV illumination at pH 2.1, 3.6, 7.0 and 9.0 with parent materials KTiNbO 5,
non-topo HTiNbO5 and topo Ti2Nb2O9. The rates of dye degradation are interpreted to indicate
the reactivity or destructive power of the particular catalyst, at the experimental pH. The results
indicate that acidic conditions facilitate the degradation of BG and the degradation rate is the
highest. The degradation rate drops with the increase of pH from 2 and the degradation rate is the
lowest at pH 9.
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Figure 3.14: Photocatalysis activity of parent material (a), non-tTopo (b) and topo (c) with
titanoniobate catalysts for BG degradation under UV light (616 nm) at various pHs.
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It has been reported by several research groups that the photocatalytic degradation
efficiency is affected by the property of surface charge of a catalyst, the charge of dye molecule
(Rezaee et al., 2008; Wang and Ku, 2007), and adsorption of dye on to catalyst surface (Wang et
al., 2007). As these properties are pH dependent, pH plays an important role in the degradation
of dye. In the case of BG, this dye is negatively charged in aqueous solution. Therefore, acidic
conditions would favor the electrostatic attraction between the positively charged catalyst surface
and the reactive dyes, which would result in increased adsorption and consequently in increased
degradation of this one.
To compare the photocatalytic activity, the experiment on the degradation of BG dye by
parent, Non-Topo and Topo materials was performed at pH=3.6 (Figure 3.15). Among these
three materials, the topo material demonstrated to be the most effective compared to the nontopo and parent materials at different pHs and activity at pH= 3.6 follows the order: Topo > NonTopo > Parent.

The difference between the photo degradation activities measured at this

experimental pH could correspond to the morphology and structure of sheets in these materials.
Because the non-topo and topo materials contain a porous structure, the catalyst surface area,
which is in contact with the dye molecules, increases in comparison to the parent material.
In comparison between porous topo and non-topo materials, topo shows a better activity.
Because electrons have to tunnel through the space of the interlayer region to reach the next layer
of material, it is known that electronic conduction in layered materials is preferential within a
layer plane of the solid but is less preferential perpendicular to the plane (Fang et al, 1999;
Wadsley, 1964; Palchan and Talinker, 1986). Therefore, electronic conduction perpendicular to
the layer planes is extremely sensitive to distance of the interlayer gap. The layers in the nontopo material contain H+, which increases the interlayer spacing. The increase in interlayer
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spacing translates into less effective interlayer electronic conduction, which can limit the
activity.
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Figure 3.15: Photoatalytic activity of parent material, non-topo and topo material for BG
degradation under UV light (616 nm) at pH=3.6.
Figure 3.16 is a plot demonstrating the first order reaction rate character of the dye
degradation, and in the graph it is easy to compare the first order line fits of all the pH 2.0
photocatalysis data, which includes the data for the photocatalysis of BG using UV light with
parent material, non-topo and topo porous catalysts.
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Figure 3.16: Kinetic of reaction for parent materials KTiNbO5, non-topo porous oxide HTiNbO5,
and the topo porous oxide Ti2Nb2O9 at pH=2.
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Photolysis data curves were fit to first order decay functions and linear fits using
Microsoft Excel software.

In all cases, a pseudo-first-order macroscopic kinetic model, in

agreement with the results of many other research groups (Konstantinou and Albanis, 2004) can
successfully reproduce the profiles of dye concentration versus time of irradiation.
3.3.2.2 Photocatalytic activity of materials prepared by Wet and Vapor Methods
Figure 3.17 (a) and (b) are representative data graphs showing the degradation of BG
over time during UV illumination at pH 2.0, 3.6, 7.0 and 9.0 in the presence of colloid solution
prepared by wet and vapor method, respectively. As the figures show, both samples exhibit a
good activity at low pH.

The sample prepared by the vapor method presents a better

performance at various pHs.
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Figure 3.17: Photocatalysis activity of samples prepared by (a) wet method and (b) vapor method
for degradation of BG over time under UV light at various pHs at 616 nm.
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The different behaviors of samples in various pHs indicates the different morphology and
structure of samples prepared by divers methods. In the case of vapor method, the better
photocatalytic activity could correspond to the slow precipitation and possibly better porosity of
material.

3.3.2.3 Testing Stability and Long Term Activity of HTiNbO5 Porous Material in
Photocatalysis Reactions
A photocatalyst should be resistive to photocorrosion, capable of advancing reactions
proficiently upon repetitive use, and stable under different reaction conditions. TiO2 has been
widely used in photoreactions because it is one of the few catalysts that have been found to meet
the above criteria (Kabra et al., 2004). Yu and Savage assessed the activity of TiO 2 in phenol
degradation over TiO2.

Using the same TiO2 catalyst in the reactor for over 120 h, the

experiments were conducted. The catalyst was retrieved at the end of the tests. For the 120-h
run, there was no loss in the activity of the TiO2 catalyst (Yu and Savage, 2000).
The stability of new porous materials was tested in completely dye removal from a
solution. The experiment was carried out in the presence of 0.0296 grams of topo Ti2Nb2O5 and
an aqueous solution of 20 µM of BG dye (25 mL) using UV light for 40 minutes. The pH of
solution was 3.6. Then, 1 mL of the sample after centrifuge at rpm=10000 for 10 minutes was
measured to determine the concentration of dye with a spectrophotometer. This process was
repeated every 40 minutes, each time adding 1 mL of 0.0005 M dye to keep the concentration of
dye constant (25 mL 20 µM solution of BG dye). The experiment was repeated 6 times and
afterwards, to see any changes in activity of porous material, 1 mL of water without dye was
added to the solution and the experiment was continued by shining UV light for 40 more
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minutes. After each step, the sample would sit for several hours to make sure all the porous
materials would precipitate; then 1 mL of sample would be taken from the top of the solution.
Figure 3.18 shows that the degradation of dyes is complete after 40 minutes. Results indicate
that the topo catalyst is still active after 360 minutes. This change could be for the reason that in
topo porous materials the higher surface area leads to higher adsorption and reaction rate (faster)
between dye and catalyst and finally better activity.
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Figure 3.18: Stability test of topo HTiNbO5 with BG dye at pH 3.6.

After this step, the used sample was rinsed for 3-4 times with 50 mL DI water and was
centrifuged. About 45 mL of the liquid on the top of the centrifuge tube was separated from the
porous material, and the porous material’s volume was measured (5 mL); 20 mL of 25 µM of
BG dye was added to give a final 25 mL 20 µM of dye solution to the porous material.
Subsequently, the photolysis test was repeated for 45 minutes at pH=3.6 and the samples were
collected to analyze with a spectrophotometer. Figure 3.19 shows the results of this experiment
compared to the photocatalysis activity of topo Ti2Nb2O9 at pH=3.6. As shown, the difference of
activity between the used and the fresh catalyst is very low and used porous catalyst conserve the
high activity during the time.
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Figure 3.19: Photocatalysis comparison of used and fresh porous topo Ti2Nb2O9 at pH=3.6.

The test was carried out also for TiO2 Degussa P-25 (the TiO2 used world-wide for
photocatalysis) at pH=3.6 (Figure 3.20) and non-topo HTiNbO5 at pH=2 (Figure 3.21).

For

these experiments, during first 240 minutes, every 40 minutes, a constant concentration of dye
was added to the solution. Two materials show similar behavior. It has been seen that the
activity decrease after 120 minutes of reaction until 240 minutes. This lower activity could
correspond to the accumulation of dye.
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Figure 3.20: Stability test for TiO2 Degussa at pH=3.6.
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Figure 3.21: Stability test for non-topo HTiNbO5 at pH=2.
A high concentration of dye in the solution, cause the high rate of adsorption and then the
coverage of porous material surface. Therefore, UV-light cannot penetrate to the surface of the
porous material to activate it for the photolysis reaction and it might take longer to active them;
hence, the speed of the reaction reduces. After 240 minutes, the addition of dye was stopped and
a decrease of dye concentration observed.
Figure 3.22 shows the comparison between the photocatalysis activity of a fresh non-topo
HTiNbO5 and a sample already used for stability test at pH=2. As shown, the photocatalysis
reaction slightly changed and took about the same amount of time. It was conclude that our
porous materials perform good stability in long-term applications.
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Figure 3.22: Photocatalysis comparison of fresh and used non-topo HTiNbO5 at pH=2.
146

3.4

CONCLUSIONS
The synthesis and utilization of semiconductors waste treatment as photocatalysts has

been described. Because their use can reduce the amount of harmful materials being released to
the environment, these catalysts characterize a class of materials which can be used for more
environmentally suitable production techniques. Also, the photocatalysts have the advantage of
providing greater reaction control and thus allowing product selection.
On investigating the effect of topotactic dehydration on the photocatalytic activity of new
porous titanium-niobium oxides for removing organic materials from wastewater, it was
observed that using photocatalysts as a new technology is a promising method among the other
methods that may effectively solve problems of water contamination. Results show that the new
porous material is a low-density materials (<0.1 g/cm3) with an average surface area of 125-175
m2/g. The materials have random pore sizes and are nanosheet structured. After photocatalysis,
the observed particle sizes were about 5 to 10 µm, which indicates that the particles of porous
material remain large enough to still have good sedimentation qualities. The large particle size
of the new porous material persisted after photolysis and allows it to be separated out of solution
easily, which could facilitate the final filtering stages within a future photocatalytic water
decontamination facility. Our study used a test dye, bromocresol green, as a model contaminant,
and the experiments compared the parent, non-topo and topo porous materials as dry or powder
samples together with materials made in wet and vapor method as colloid solutions at various
pHs. Photolysis of 20 µM solutions of the test dye at pH 2.0, 3.6, 7.0, and 9.0 in the presence of
parent, non-topo and topo catalysts showed that the topo catalyst performed very good activity at
different pHs with a maximum at pH 2.0 and 3.6. Results showed that topotactic dehydration
improves catalyst performance at various pHs compared to non-topo and parent materials. Also,
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photocatalysis of 20 µM solutions of the test dye at pH 2.0, 3.6, 7.0, and 9.0 with the catalysts
prepared by wet and vapor method showed that the catalyst prepared by vapor method performed
a better activity at acidic pHs.
In this context, the topo Ti2Nb2O5 seems to be a good choice compare to TiO2 because it
is based on the efficient and well-known TiO2 but has a larger mean particle size, which would
lead to a simple sedimentation and a spontaneous separation from water.
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Chapter 4
Photoadsorption and Removal of Toxic Metals from Wastewater and
Recovery of Precious Metals by Photocatalysis
Summary
In this chapter, the important environmental aspect of removing toxic metals from
polluted water by photocatalysis is analyzed. The metal compounds that have shown to be
amenable to this treatment are Pb(II), Cr(IV), and Cd(II). It is economically important to
consider the recovery of precious metals from their solutions as well. This can, again, be
accomplished by photocatalysis. As explained in this chapter, the coinage metals such as Au and
Pt can be recovered from a solution.
4.1

INTRODUCTION
The attention of scientists and engineers has been drawn towards environmental pollution

by heavy metals. Elements with a comparative atomic mass above 40 and a specific density
greater than 5 g cm-3 are defined as heavy metals. Metals do not undergo biodegradation. For
practical functions, they have infinite lifetimes and cannot undergo decontamination by chemical
means. In the environment, the main natural sources of metals are: continental dust, biological
activity, sea spray, and volcanic eruptions (Serpone et al., 1988).

Metals from fossil fuel

combustion and some harmful and toxic chemicals released into the rivers and seas such as Pb,
Cu, Zn and Hg can result in death of algae, fish and lesions in human begins even at very low
concentrations (Maduka, 2006). The most common toxic heavy metals are elements such as
cadmium (Cd), copper (Cu), chromium (Cr), mercury (Hg), and lead (Pb) (Seregin and Ivanov,
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2001). On the list of considered minerals are some metals such as Al, Cd, Cr, Co, Cu, Fe, Pb,
Hg, Ni, and Zn; therefore, two problems can potentially be resolved from waste material
recovery for industrial re-use: resource conservation and metal pollution. Industrial activities
have scattered the geological equilibrium relating such heavy metals as Hg, Pb, and Cd, and
discharged large amounts of these metals into the environment. We are increasingly exposed, as
a result, to uncommon metals at a shocking rate. The yearly industrial production of these three
heavy metals is projected at 14,000 tons (Cd), more than 4,000,000 tons (Pb) and 10,000 tons
(Hg) (Serpone et al., 1988; Leonard et al., 1984). Due to anthropogenic activities, these metals
are constantly mobilized through global ecosystems. Buildup of these metals in water and soil
represents a threat for living organisms due to the fact that metals can modify normal metabolic
functions at certain concentrations and create a number of toxicity symptoms, (Piechalak et al.,
2003).
In a few of their valence states, metals found in industrial wastewater are toxic. It is
essential to remove the metals from the waste streams for safe disposal or convert such metals to
their nontoxic forms.

For changing the hazardous ionic states of metals, the use of

photocatalysis is outstanding (Kabra et al., 2004).

A number of heavy metals have been

demonstrated to be recoverable via photocatalyzed metal deposition on the illuminated catalyst
(Ollis et al., 1991). Providing the conditions under which photocatalysis would be able to be
used for the treatment of metal and organic contaminated water, Prairie et al. (Prairie et al., 1993)
conducted a thorough study.

They concluded that Cd(II), Cu(II), and Ni(II) could not be

removed while Ag(I), Cr(VI), Hg(II), and Pt(II) were easily treated by photocatalytic reduction
using 0.1 wt % TiO2. It was found that the ability to remove metals is dependent on the standard
reduction potential of the metals for the reduction reaction. Potentials more positive than 0.4 V
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were required. Reductants (organics, water) were necessary for the reduction of metals, whereas
oxidants (i.e., metals or oxygen) were necessary for the destruction of organics. The rates of
oxidation of organics and reduction of metals, as it was indicated, were fundamentally
interrelated. On Pt-loaded TiO2, photoadsorption of metal ions was reported by Tanaka et al.
(Tanaka et al., 1986). In the suspension, the Pb2+ concentration decreased and the catalyst
became brown after a while. With Mn2+, Tl+, and Co2+, like experiments were performed. It was
observed that the metal ions, particularly at a low concentration, were efficiently removed from
the solution. In the absence of TiO2, the buildup of metal ions did not occur. For Hg2+, in the
absence of TiO2, the metal ion concentration was decreased by 11.51% as contrasted to a 90%
decrease in the presence of TiO2. Also, it was suggested that Hg2+ is reduced by electrons from
the conduction band and water is oxidized by the holes. PbO2 and Tl2O3 were recognized as the
compounds accumulated on the catalyst. They were discovered to be oxidized by the positive
holes of TiO2 as follows:
Pb2+ + 2H2O + 2P+ → PbO2 + 4H+
2Tl+ + 3H2O + 4P+ → Tl2O3 + 6H+
To make certain the reuse of the catalyst, the recovery of the metal ions from deposited oxides
was also examined.
One of the most critical environmental problems today has become heavy metal
pollution. A great environmental concern for heavy metal pollution has been caused due to the
toxicity and persistence of metals in the environment. The toxicity of heavy metals can go on for
a long time naturally, where some heavy metals could even be transformed from relevant low
toxic species into more toxic forms in a particular environment like mercury. The
bioaccumulation and bioaugmentation of heavy metal by food chain could also harm normal
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physiological activity and finally jeopardize human life. Metals cannot be broken down by any
methods including biotreatment, but can only be altered and changed in valence and species;
also, the toxicity of heavy metals takes place even in low concentrations. Due to properties such
as lasting toxicity, conversion from one form to others which might cause greater toxicity, like
Mercury, through bioaccumulation and bioaugmentation via the food chain, cannot be degraded.
Heavy metal containing wastewater (which is mainly discharged from some industrial wasteprocess streams like electroplating) has caused great damage to human beings and the
environment (Chen and Wang, 2008; Kabra et al., 2008; Wang and Chen, 2006). Heavy metal
containing wastewater has gained great concern lately because of the reasons listed above and
the growing application of heavy metals. Among the common toxic contaminants found in
industrial runoff are Pb(II), Cr(IV) and Cd(II). These metals can be poisonous to organisms
including humans, even at low concentrations (Bahadir, et al., 2007).
A major anthropogenic contaminant which has been released to the environment since the
industrial revolution is lead (Pb). Pb, therefore, has built up in different terrestrial and aquatic
ecosystems (Verma and Dubey, 2003). Lead can have an effect on human health and damage the
nervous system, kidneys and reproductive system because it is an extremely toxic metal (Sheng
et al., 2004; Gavrilescu, 2004).
The cause of many well known toxic effects is the presence of trivalent (III) and
hexavalent (VI) chromium in the environment. A highly reactive oxidation state of chromium is
Cr(VI).

From ingesting contaminated food or drinking water or breathing contaminated

workplace air, contact with chromium occurs. At very high levels, chromium (VI) can harm the
nose and cause cancer. Anemia or damage to the stomach or intestines can be a result of
ingesting high levels of chromium (VI).
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In wastewater, the maximum levels allowed are 5 mg/L for trivalent and 0.05 mg/L for
hexavalent chromium. Trivalent chromium, in fact, plays an essential role in plant and animal
metabolism when low levels are present in the environment, whereas hexavalent chromium is
directly toxic to bacteria, plants and animals (Richard and Bourg, 1991). Mining, leather tanning
and cement industries, use in dyes, electroplating, production of steel and other metal alloys,
photographic material and corrosive paints are the primary sources of chromium pollution
(Ramos et al., 1994; Acar and Malkoc, 2004, Maduka, 2006).
The treatment of Cr(VI) differs from the other metals in that it is transformed to Cr(III)
instead of being condensed to the metallic, zero valence state.

As already mentioned,

chromium(VI) is carcinogenic, an extremely toxic pollutant, and federally regulated. It is also
very mobile and extremely difficult to remove from water by adsorption, ion exchange, or
precipitation. In the effluents of metallurgic, galvanoplastic, textile, tanning and paint industries,
it can be found (Eckenfelder, 1989; Prairie et al., 1993; Giménez et al., 1996). Cr(III), in
comparison, is noncarcinogenic and less toxic, though still regulated. It is not only very mobile
but is also easily removed from water by precipitation at alkaline pH, unlike Cr(VI). For the
elimination of Cr(VI) from water, standard treatment processes consist of chemical reduction
using ferrous sulfate, sodium meta-bisulfite, or sulfur dioxide followed by precipitation of Cr(III)
with lime (Eckenfelder, 1989; Prairie et al., 1993). Low pH should be favorable because the
reduction requires protons. In the medium to low pH range, Cr(VI) exists in an aqueous solution
primarily as the dichromate anion Cr2O72-, which is reduced to Cr(III) by the following reaction
(Prairie et al., 1993):
Cr2O7-2 + 14H+ + 6e¯ → 2Cr3+ + 7H2O
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It was concluded by Prairie et al. that Cr(VI) reduction was very sensitive to pH and most
proficient below pH 3, giving Cr(III) in the solution (Prairie et al., 1993). I order to test the
photocatalytic procedure for Cr(VI) elimination in a real instance, samples of wastes from metal
surface treatment industries were used.

At acidic pH, the percentage of reduction was

considerably greater than at neutral pH. It was found, of the more recent studies of the removal
of Cr (VI), that the percentage of Cr (VI) adsorbed onto ZnO decreased as the pH increased
(Khalil et al., 1998).
From smelting (Buchauer, 1973), metal plating, phosphate fertilizer, cadmium-nickel
batteries, mining, stabilizers, pigments, alloy industries (Low and Lee, 1991), and sewage
sludge, cadmium is lead into bodies of water (Bhattacharya and Venkobachar, 1984; Periasamy
and Namasivayam, 1994). Numerous acute and chronic disorders such as ―itai-itai‖ disease,
renal damage, emphysema, hypertension, and testicular atrophy are some of the risky effects of
cadmium (Huang and Ostovic, 1978).

According to the Indian Standards Institution, the

tolerance bounds for cadmium for discharge into inland surface waters is 2.0 mg/L (ISI, 1982)
and in drinking water is 0.01 mg/L (ISI, 1991) (Periasamy and Namasivayam, 1994). Because of
its toxicity, cadmium (Cd) gives a good example of problems that can occur from metal
pollution. There are no particular ores from which cadmium is mined, and it does not occur free
in nature. It is a commonly used metal in industry: in electroplating as a protective coating for
iron, steel and copper, in alloys with other metals, in paints as pigments (CdS), in nuclear
reactors as a neutron absorber, and has also been used in insecticides for fruits (CdO)
(Venugopal and Lucey, 1978; Browning, 1969). Several metals which are toxic at high levels,
such as cadmium, may complete a vital nutritional or stimulatory role at lower levels. Such
metals have been studied or proposed as vital nutrients for animals. Additionally, if it used in
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excessive amounts have been examined for their toxicity (Serpone et al., 1988). Also, the use of
sewage sludges (ca. 0.5 to 100 ppm Cd in various parts of the world) as fertilizer, it can supply to
this. Undoubtedly, cadmium composes a serious health problem. It builds up in the liver and
kidneys. At high levels of cadmium, the liver is the most influenced (Venugopal and Lucey,
1978; Friberg et al., 1974; Serpone et al., 1988).
By means of a variety of technologies that integrate chemical, physical and biological
processes, metal contamination in water can be treated. Precipitation, ion exchange, membrane
methods such as reverse osmosis, ultra-filtration and electro-dialysis and also adsorption by
activated carbon are traditional and current technologies applied to treat and recover heavy metal
ions containing wastewater.

These methods are often restricted by their numerous

disadvantages; for example ineffectiveness, expensive when used for treatment of low
concentration heavy metal solutions, and large amounts of sludge creation (Wang et al., 2006;
Eccles, 1995). The two major factors that influence the efficiencies of the above methods are the
sources of wastewater and the concentration levels of contaminants (Kabra et al., 2008). New
alternative methods should be expansively studied due to the shortages of traditional
technologies.
Photocatalysis has numerous potential applications for treating water containing organic,
for removing metals from water, and for splitting water as indicated by several reports. Also, it
is reasonably clear that these processes are fundamentally interrelated (Prairie et al., 1993).
Semiconductor photocatalysis can be utilized to induce functional group transformations for
example oxidations and reductions negating the condition for potentially toxic redox reagents
like chromium compounds (Fox, 1991; Robertson, 1996). It was found by Serpone et al. that a
mixture of noble metals in a solution can be reductively deposited, in order, on to the
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photocatalyst like titania. By dissolution in acid which rejuvenates the original titania particles,
these metals could be consequently recovered (Serpone et al., 1988; Ollis, 2000). When
suspended TiO2 is contacted with dissolved metal ions, adsorption is the first thing that occurs.
Since pH affects the surface charge of TiO2, this method is very sensitive to pH thus affecting
electrostatic interactions between it and the substrate; furthermore, it affects the amount of
hydrolysis and species distribution of the metal ions (Prairie et al., 1993; Baes and Mesmer,
1976). A comparatively new technique for the removal and recovery of dissolved metal ions in
wastewater is reduction by semiconductor photocatalysis technology and may be a cost efficient
and environmentally friendly substitute.

The method is based on the reduction by the

photogenerated electrons and couples low-energy ultraviolet light with semiconductor particles
acting as catalyst (Kabra et al., 2008). An electron (e -) from its filled valance band (VB) is
advanced to its vacant conduction band (CB), leaving a hole (h+) in the valence band at the time
when a semiconductor particle absorbs radiation. Suspended in the aqueous solution, when the
electron accesses the surface of the particle it would reduce any available species, including
metals and O2. Delay the redox reactions will occur if e-/h+ recombination take place. In a
semiconductor aqueous medium, soluble species are likely to be adsorbed on the particle’s
surface (Figure 4.1).
As small crystallites deposited on the photocatalyst, according to the redox process,
heavy metals are mostly toxic and can be removed from industrial waste effluents.

The

fundamental reaction for the deposition of a n-valent cation Mn+ being theoretically given by
(Herrmann et al., 1986; Herrmann et al., 1988):
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given the redox potential of the cation metal couple is higher than the flat band potential of the
semiconductor (Herrmann et al., 1986; Herrmann, 1999). Reduction of metal ions (M n+) if it
exists, and recovery of them by way of the electrons in the conduction band takes place and they
transform to their less-toxic/nontoxic metallic forms (M°) as shown from the reaction above
(Kabra et al, 2004; Herrmann, 1999). In chapter 1 section 1.6, the complete mechanism of
oxidation and reduction by photocatalysis explained.

Figure 4.1: Deposition and adsorption of a metal (such as Pt) on the surface of TiO 2 particles.
(Adopted from Mori, 2005)

The rate of the redox reactions will be influenced by the adsorption and may even be
affected by the radiation. Soluble toxic metal species may be condensed, under appropriate
circumstances, to the metal, which is accumulated on the particles and is then removed from the
solution by dissolving in acid. It may be restored by physical or chemical processes, particularly
if the accumulated metal is a precious metal. By both dissolving in hot nitric acid or by physical
separation of the metal which is much heavier than P25, recovery of the deposited metal such as
Cd or Pb can be easily attained.
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Most of the electron/hole pairs merely recombine when reduction kinetics are slow
(Prairie et al., 1993). Seeing as toxic metals in contaminated water are always mixed with
organic micropollutants, these will be oxidized by OH • radicals heading, in due course, to CO2
and water. As they will decrease e-/h+ recombination, such degradation of organic pollutants will
make the elimination of the toxic metal more proficient as the organic species are oxidized
(Malati, 2001). In synthetic wastewater, Kabra et al. used citric acid as an organic additive for
simulating the organic component of an industrial wastewater and as a hole scavenger (Kabra et
al., 2004).
4.2

THE PHOTOCATALYTIC RECOVERY OF THE COINAGE METALS
Metal oxide photocatalysis processes in the presence of metal ion species commonly

leads to the photoreduction to the metal. Through photocatalyzed reduction, a number of noble
metals have been accumulated. For Rh (from RhCl3) and Pd (from its chloride), this was
attained on P25 (Borgarello et al., 1986). In the same study, selective photochemical separation
and recovery of Au, Pt and Rh from chloride media is accounted. Further precious metals were
deposited using other semiconductors (Herrmann et al., 1986).
The following reaction mechanism can be proposed from the study of the effects of
various parameters upon platinum photodeposition (Herrmann et al., 1986):


adsorption of the complex at the surface of titania
Pt n+(aq) ↔ Pt n+(ads)



creation of electron-hole pairs by suitable photons (hv ≥ Eg = 3.02 eV)
(TiO2) + hv →e- + p+



stepwise reduction of complexed platinum into elemental atoms
(Ptn+) + ne- → Pto(ads)
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Agglomeration of Pt atoms into small crystallites of 1-1.5 nm diameter by one of the two
possible ways:
(i) either agglomeration of individual zerovalent Pt atoms
mPto(ads) → Ptm(cryst)
(ii) or cathodic-like reduction at small metallic nuclei

By the solubility of the deposited Pt in aqua regia and HF, the revival of Pt from P25 is possible
(Malati, 2001).
A paper about the accumulation of gold on TiO2 and WO3 was reported by Borgarello et
al. (Borgarello et al., 1985), and has been used as a way of preparing metal catalysts or
photocatalysts (Herrmann et al., 1986). Through the solubility of the accumulated Au in aqua,
the recovery of Au from P25 is possible (Malati, 2001).
In this dissertation work, the possibility of photodepositing metal ions such as Pb(II),
Cr(IV) and Cd(II), is investigated in this study by means of ultra violet energy irradiated
HTiNbO5 POX as a photocatalyst. The photodeposition and adsorption of these ions was done to
test the suitability of the photocatalytic process for the treatment of wastewater having these
metal ions. In addition, the possibility of photocatalytic adsorption of precious metals such as
gold (Au) and platinum (Pt) is investigated with UV energy irradiated onto HTiNbO5 POX as a
photocatalyst which can be used to recover precious metals and remove toxic metals from
solution. To examine the characteristics of metal adsorption by observing the metal reaction
kinetics and deposition patterns, the photo reduction of ionic metals from a solution as metallic
nano islands onto the materials was executed.
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4.3

EXPERIMENTAL METHODS
All chemicals used for experiments were bought from GFS Chemicals (Powell, OH,

USA) unless otherwise noted. All water used was purified and deionized using microfiltration
technologies. All acids and bases were purchased from Fisher Scientific (Fisher Chemicals).
TiO2 P25 powder (30% rutile, 70 % anatase; 20-50 nm particle size, surface area ~ 50 m2/g) was
obtained from Degussa (Germany).

Synthesis of HTiNbO5 followed published procedures

(Kikkawa and Koizumi, 1980; Saupe et al., 2000; Saupe et al., 2005; Fang et al., 1999; Fang et
al, 1999; Wadsley, 1964) and was made from KTiNbO5 respectively by grinding stoichiometric
mixtures of TiO2, Nb2O5 and K2CO3 into powders. A 5% excess of K2CO3 was used to
counteract loss of potassium as an oxide vapor during the heating cycle. The mixtures were
heated in a programmable box furnace (Lindberg/Blue M – Asheville, NC, USA) at 1050° C for
20 hours, yielding KTiNbO5. Acid-exchange of KTiNbO5 to produce HTiNbO5 was done by
stirring powders of the materials in 4 M HCl for 1 day, then centrifuging to isolate the solid and
discarding the solution, and then repeating the process for a total of four days. Exfoliation of
HTiNbO5 powders into lamellar colloids was done by adding a 40% aqueous solution of
tetrabutylammonium hydroxide (TBA+OH-) drop-wise to a stirred mixture of an acid exchanged
powder (2.0 g) and water (100 mL). TBAOH was added until the solution’s pH was constant at
pH 9-10. The resulting colloid is stable if it is isolated from atmospheric CO2, which acidifies
the solutions. During storage and with atmosphere present, periodic pH adjustments to the
colloid with TBAOH are necessary. Because conventional pH meter probes can leak potassium
ions, and the potassium precipitates this colloid, special low-leakage pH probes were used (Orion
#9104AP, Thermo Electron,USA; Henna instruments pH 213, microprocessor pH meter,
Portugal). In addition, to minimize the need for constant pH meter use, phenolphthalein pH
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indicator dye was used (added in minimal amounts to create color) as an internal indicator of
falling pH.
Exfoliated KTiNbO5 material produces lamellar colloid, which consist of particles that
are individual sheets of metal oxide in solution. Each sheet is a single crystal layer from the
parent material and is therefore negatively charged, which imparts their colloidal character. The
anionic colloidal sheets were agglomerated into porous aggregates via a vapor precipitation
reaction. The precipitations were induced with the cations from conventional concentrated HCl
acid, and then the samples were allowed to stand for two days.

Our porous metal oxide

agglomerates are given the short name of ―POX‖ materials.
Agglomerated POX material was then rinsed via a solvent exchange procedure, where the
vials with the samples were put into large volumes of fresh solvent like acetone (~400 mL),
allowed to sit for one day with gentle stirring to promote solvent diffusion and remove all water.
Most of the solvent was then removed and then fresh solvent was added to repeat the process for
four days. The forces exerted on porous materials during normal ambient solvent evaporation
are enough to crush most structures (Pajonk, 2007; Schneider and Baiker, 1997; van Bommel
and de Haan, 1995; Chen and Mao, 2007; Eychmueller, 2005).

Hence, the sample

(unmettalized) was then dried via a supercritical point CO2 drying system (Polaron Critical Point
Dryer, E3000 Series, Quorum Technologies, East Sussex, U.K) for further experiments and
analysis such as surface area measurements and microscopy analyses. Also the POX sample that
was dried was used in the metal photoadsorption experiments and removal of toxic metals from
wastewater but the POX samples that were used in the precious metal photoadsorption
experiments were never dried.
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Photoadsorption of toxic metals (Pb2+, Cr6+, Cd2+) was done by placing 0.0125 g POX
(dry HTiNbO5) and 1.0 mL of ethanol with a total volume of 25 mL of an aqueous 50 ppm
mentioned metal salt solutions in DI water as pollutant solutions (lead solution (Pb(NO 3)2,
chromium solution (K2Cr2O7), or cadmium solution (Cd(NO3)2.4H2O)). For metal reduction of
gold or platinum, calculate exfoliated POX equal to 0.0125 g dry POX and 1.0 mL of ethanol
was introduced to an aqueous 100 ppm gold or platinum solution (diluted with %0.2 nitric acid)
as precious metals solution (EM Science, USA, 1000 ppm ICP standard). All solutions were
placed into a 16 cm long customized quartz tube. The solution mixture’s pHs for toxic metals
was adjusted with HCl or KOH (pH~6 for Pb2+, pH~3 for Cr6+ and Cd2+). The experiments for
Au3+ and Pt2+ were carried out at natural pH (without altering the pH of the prepared solutions)
with no further adjustment and prior to irradiations were found to be 1.5-2.0. The addition of
ethanol as the electron donor for the metal photo reduction was necessary for the success of the
process. It plays a role as an electron donor since it scavenges the photogenerated holes,
hindering electron/hole recombination (Malati, 2001). Without ethanol, essentially no metal
deposition occurred. Photo-generated holes in the semiconductor were quenched by the electron
donor via the oxidation of the ethanol, which gives the photoelectrons time to react with ionic
metals in solution to produce the reduced metal sites. The oxidation of organic contaminants in
water with these materials has been reported by Saupe et al. (Saupe et al., 2005).
A Penray (UVP LLC, USA) Hg light bulb (UV pen lamp, model 35C-9, with intensity
5.4 mWcm-2 @19 mm @254 nm) was used to irradiate the samples with UV light at a distance
of 23 mm (face of bulb to face of quartz vessel). The amount of UV reach to the sample was
measured with light power meter (PM 100, Thorlabs Inc., Newton, New Jersey, USA) in
conjunction with a thermal sensor (S212A-10 W, Thorlabs Inc., Newton, New Jersey, USA) and
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it was around 11.98 mW (1.63 X 1017 photon/sec.). Seven samples were taken in different times
while it was stirring with a magnet and centrifuged immediately (rpm=5000 for 15 min.) After
experiments, rinsed metallized samples were dried in air for SEM analyses and no special effort
was made to preserve their porosity.
Metal reduction and photoadsorption onto the surfaces of the POX materials occurred
during the UV irradiation experiments, and the amount of metal removed from solution was
measured to indicate the amount of metal deposited. Quantification of metal reduction and
deposition kinetics was done using flame and furnace atomic absorption spectrometer (FAAS,
Perkin Elmer 5100 C, USA) using standard protocols. Scanning electron microscopy (SEM, S4800, Hitachi, Japan) was used to determine the particle size of the reduced metal and the metal
deposition pattern.
4.3

RESULTS AND DISCUSSION
Synthesized porous oxides, exfoliated or dried POX, were irradiated with UV light in

stirred metal solutions, as described. After irradiation, tiny metal islands were observed to be on
the surface of the porous oxide (POX) material, as photo generated electrons in the POX
semiconductors had reduced the metal ions and adsorbed at the surface of the material. Figure
4.2 presents the SEM micrograph for (a) lead (Pb), (b) chromium (Cr), and (c) cadmium (Cd).
The existence of the metal particles on the surface of a metallized POX in lead and chromium
samples that had been dried in air (porosity is lost), has been observed. However, cadmium
metal particles were not observed by SEM (Figure 4.2c). This could be caused by a very small
amount of adsorbed metal or very tiny adsorbed particles. The lower reduction of cadmium
could correspond to the unfavorable reduction potential of this metal which prevents the
photoreduction (Malati, 2001). The patterns of lead and chromium deposition appear to be
171

random and do not suggest that lead or chromium reduction had a preference for particle edges
or folds on the POX material.
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a) Lead (Pb)

b) Chromium (Cr)

c) Cadmium (Cd)

11/24/2009

Figure 4.2: Scanning electron microscope image of photo-reduced metal particles on the surface
of air-dried POX (HTiNbO5). Arrows indicate examples of metal particles.
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As can be seen in the SEM image of Figure 4.2a, lead seems to nucleate in a large
number of spots.

From a survey of several samples, it was observed that the observable

diameters of the lead particles varied between 10 and 400 nm. The SEM image of the chromium
deposition (Figure 4.2b) results the particles of metallic chromium metal were observed to be
different from lead particles, with the sizes in the range of 50-500 nm.
The reaction progress during the photoadsorption reduction of lead, chromium and
cadmium (each done separately) was followed by doing metal analyses of the solution phases.
The concentrations of the metals in solution were measured with a flame atomic absorption
spectrometer. At the time t after initiating photo reduction, the difference between the starting
amount of metal in solution and the remaining metal was assumed to be the amount of metal
deposited on the solid. Figure 4.3 is a graph showing a reaction progress for the three metals.
The relative error in the data is estimated to be ± 4%. The rates of metal deposition for lead and
chromium were quite different. Chromium took more than 125 minutes to deposit most of the
metal in solution, where as all the lead was deposited in about 5 minutes. Almost after 1.5 hours
irradiation for chromium, no further reduction takes place possibly due to the deposited metal
preventing the radiation reaching the catalyst surface. There was insignificant difference in
concentration before and after treatment for cadmium.
We attribute this difference to the more positive electrochemical reduction potential of
lead (Pb2++2e-→Pb; E° = -0.126 V) as compared to chromium (Cr6++3e-→Cr3+; E° = -0.744 V).
Lead is much easier to reduce than chromium and therefore is expected to nucleate more quickly
on the surface. Subsequent metal reduction continues to enlarge the nucleated particles or to
nucleate on new sites. The Pb2+ concentration in the suspension decreased and catalyst changed
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the color to gray after some time. Also, the chromium nanoparticles samples were exhibited a

% of Metal Deposited

gray to dark gray color in solution.

Photoadsorption of Toxic Metals on Dry POX HTiNbO 5
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Figure 4.3: Kinetics of lead, chromium and cadmium metal adsorption by photo reduction onto
dried HTiNbO5-POX photocatalysts. Solution concentrations were used to follow the reaction.

Figure 4.4a for Gold (Au) and b for platinum (Pt) is a SEM micrograph showing the
existence of the metal particles on the surface of a metallized POX that had been dried in air
(porosity is lost). After irradiation, tiny metal islands made of either gold or platinum also were
observed to be on the surface of the porous oxide (POX) materials, as photo generated electrons
in the POX semiconductors had reduced the metal ions at the surface of the material.
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a) Gold (Au)

b) Platinum (Pt)

Figure 4.4: Scanning electron microscope image of photo-reduced gold (a) and platinum (b)
particles on the surface of air-dried HTiNbO5-POX.

Arrows indicate examples of metal

particles. The large white chunks are impurities from the sample stirring device.

The pattern of platinum deposition appears not to be random and suggests that platinum
reduction had a preference for particle edges or folds on the POX material (Figure 4.4b). From
an analysis of a number of samples, it was observed that the visible diameters of the particles of
platinum varied between 10 and 200 nm, but most of the particles were 50 nm or less. Probably
the deposition initially occurred by forming small crystallites between 3 to 10 nm. As the
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photodeposition conversion increased, the metal particles form agglomerates, reaching several
hundred of nm. In the SEM image of the gold deposition results (Figure 4.4a), the particles of
metallic gold metal were observed to be larger than those of platinum, with the gold particles
size between 50 and 400 nm, and with most diameters near 100 nm.

Metal nucleation on the

smoother less angular surfaces of the material suggests that the photo activity of these oxides
may not be limited to only crystal edges, step edges, and other sources of increased reactivity,
which has been suggested is true for many catalysts.
Also, the photoadsorption reduction of gold and platinum in the solution has been carried
out separately. The concentrations of the metals in solution were measured using an atomic
absorption spectrometer. As explained for toxic metals, at the time t after initiating photo
reduction, the difference between the starting amount of metal in solution and the remaining
metal in solution was assumed to be the amount of metal deposited on the solid. Figure 4.5 is a
graph showing a reaction progress for the gold and platinum. The relative error in the data is
estimated to be ± 4%. The rates of metal deposition for gold and platinum were quite different.
All the gold was deposited in about 5 minutes whereas platinum took about 30 minutes to
complete the deposition of all the metal in solution. This difference could be attributed to the
very positive electrochemical reduction potential of gold (Au 3+ + 3e → Au; E° = 1.50 V) as
compared to platinum (Pt 2+ + 2e → Pt; E° = 1.12 V). Although the anionic environment for the
metals modulates their reduction potentials, gold is much easier to reduce than platinum and
therefore is expected to nucleate more quickly on the surface. Subsequent metal reduction
continues to enlarge the nucleated particles or to nucleate on new sites. As the kinetic data in the
Figure 4.5 shows, the gold begins to deposit much faster and easier than platinum. However, our
SEM studies do not appear to support this. As can be seen in the SEM image of Figure 4.4a,
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gold seems to nucleate in fewer spots and those few spots grew larger as the photo reduction
proceeded. The result was larger gold metal particles. Fast nucleation should result in a greater
number of well dispersed metal islands that are smaller in size. The gold result is contrary to
this. It may be possible that gold has been deposited as particles to small or too thin for the SEM
to be able to detect, and that there may be more gold on the surface than can be imaged by a high
quality SEM technique like the one used here. Again, random nucleation may mean that these
porous oxides have more active surfaces that can participate in chemical reactions.

Gold

nanoparticles are known to exhibit a reddish color in solution. During the photo deposition of
gold onto the POX materials, the samples developed a reddish color almost immediately during
deposition, and at the end of the reaction the samples had pronounced reddish pink color.
However, the platinum samples were gray to dark gray.

Photoadsorption of Precious Metals on HTiNbO 5-POX Exfoliated
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Figure 4.5: Kinetics of gold and platinum metal adsorption by photo reduction onto
exfoliated HTiNbO5-POX photocatalysts.

Solution concentrations were used to follow the

reaction.
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4.4

CONCLUSIONS
New materials with porous frameworks were synthesized from KTiNbO 5.

Their

photocatalytic characteristics were investigated by photo reducing ionic of toxic metals lead,
chromium and cadmium and precious metals, platinum and gold onto their surfaces to produce
metal nanoparticles. Adsorption is the first thing that happens when suspended HTiNbO 5 is
contacted with dissolved metal ions. POX (HTiNbO5) is able to reduce Pb2+ to Pb and Cr6+ to
Cr3+ in presence of UV-light but reduction of Cd2+ to Cd has not been evident. Also it is able to
reduce precious metals such as Au3+ to Au and Pt2+ to Pt in existence of UV-light. The rates of
photo-induced metal adsorption and deposition were quite different, with lead adsorption 1/25 of
the time it took for the deposition of chromium particles and with gold adsorption in 1/6 of the
time it took for the deposition of platinum particles. The metal nanoparticle deposition patterns
of lead, chromium and gold were random, and the preference was observed only for the platinum
on the oxide material’s edges. However, the chromium and platinum deposited as smaller
particles than the lead and gold. Despite much faster deposition kinetics, the nucleation density
for the photo deposited gold was not very high as compared to platinum, as was measured by
SEM. The gold particles were much larger in diameter than the platinum.

179

References
Acar, F. N., Malkoc, E. 2004. The Removal of Chromium (VI) from Aqueous Solutions by
Fagus Orientalis L. Bioresource Technology 94 (1), 13-15.
Baes, C. F. Jr., Mesmer, R. E. 1976. The Hydrolysis of Cations. John Wiley and Sons, New
York.
Bahadir, T, Bakan, G., Altas, L., Buyukgungor, H. 2007. The Investigation of Lead Removal by
Biosorption: An Application at Storage Battery Industry Wastewaters. Enzyme and
Microbial Technology, Vol. 41(1-2), 98-102.
Bhattacharya, K., Venkobachar, C. 1984. Removal of Cadmium(II) by Low Cost Adsorbents. J.
Environ. Eng. Diu. ASCE, 104, 110-122.
Borgarello, E., Harris, R., Serpone, N. 1985. Nouv. J. Chim. 9, 743-747.
Borgarello, E., Serpone, N., Emo, G., Harris, R., Pelizzetti, E., Minero, C. 1986. Light-Induced
Reduction of Rhodium(III) and Palladium(II) on Titanium Dioxide Dispersions and the
Selective Photochemical Separation and Recovery of Gold(III), Platinum(IV), and
Rhodium(III) in Chloride Media. Inorg. Chem. 25, 4499-4503.
Browning, E. 1969. Toxicity of Industrial Metals. Butterworths, London.
Buchauer, M. J. 1973. Contamination of Soil and Vegetation Near a Zinc Smelter by Zinc,
Cadmium, Copper and Lead. Environ. Sci. Technol. 7, 131-135.
Chen, C., Wang, J. 2008. Removal of Pb2+, Ag+, Cs+ and Sr2+ from Aqueous Solution by
Brewery's Waste Biomass. J. Hazard Mater. 51(1), 65-70.

180

Chen, X., Mao, S. S. 2007. Titanium Dioxide Nanomaterials:

Synthesis, Properties,

Modifications, and Applications. Chemical Reviews 107(7), 2891-2959.
Eccles, H. 1995. Removal of Heavy Metals from Effluent Streams—Why Select a Biological
Process? Int. Biodeterior. Biodegrad. 35, 5–16.
Eckenfelder, W. W. 1989. Industrial Water Pollution Control, 2 nd Ed. McGraw-Hill Book
Company, New York.
Eychmueller, A.

2005. Aerogels from Semiconductor Nanomaterials. Angewandte Chemie

International Edition 44(31), 4839-4841.
Fang, M., Kim, C. H., Mallouk, T. E. 1999. Dielectric Properties of the Lamellar Niobates and
Titanoniobates AM2Nb3O10 and ATiNbO5 (A=H, K, M=Ca, Pb), and Their Condensation
Products Ca4Nb6O19 and Ti2Nb2O9, Chem. Mater. 11, 1519.
Fang, M., Kim, C. H., Saupe, G. B., Kim, H. N., Waraksa, C. C., Miwa, T., Fujishima, A.,
Mallouk, T. E. 1999. Layer-by-Layer Growth and Condensation Reactions of Niobate
and Titanoniobate Thin Films. Chem. Mater. 11, 1520-1526.
Friberg, L., Piscator, M., Nordberg, G. F., Kjellstrom, T. 1974. Cadmium in the Environment. 2 nd
Ed., CRC Press Inc., Cleveland, Ohio.
Fox, M. A. 1987. Selective Formation of Organic Compounds by Photoelectrosynthesis at
Semiconductor Particles. Topics in Current Chemistry, 142(Electrochemistry 1), 71-99.
Gavrilescu M. 2004. Removal of Heavy Metals from the Environment by Biosorption. Eng. Life
Sci. 4, 219–232.

181

Giménez, J., Aguado, M. A., Cervera-March, S. 1996. Photocatalytic Reduction of Chromium
(VI) with Titania Powders in a Flow System. Kinetics and Catalyst Activity. Journal of
Molecular Catalysis A: Chemical 105, 67-78.
Herrmann, J. M., Disdier, J. J., Pichat, P. 1986. Photoassisted Platinum Deposition on TiO2
Powder Using Various Platinum Complexes, The Journal of Physical Chemistry 90 (22),
6028-6034.
Herrmann, J. M., Disdier, J. J., Pichat, P. 1988. Photocatalytic Deposition of Silver on Powder
Titania: Consequences for the Recovery of Silver. Journal of Catalysis 113 (1), 72-81.
Herrmann, J.M. 1999. Heterogeneous Photocatalysis: Fundamentals and Applications to the
Removal of Various Types of Aqueous Pollutants. Catalysis Today 53, 115-129.
Huang, C. P., Ostovic, F. B. 1978. Removal of Cadmium(II) by Activated Carbon Adsorption. J.
Environ. Eng. Diu. ASCE, 104, 863-878.
ISI. 1982. Tolerance limits for industrial effluents prescribed by Indian Standards Institution,
IS:2490 (Part I).
ISI. 1991. Drinking Water Specification, IS10500, (Address: Bureau of Indian Standards, Manak
Bhavan, 9 Bahadur Shah Zafar Marg, New Delhi 110 002, India)
Kabra, K., Chaudhary, R., Sawhney, R. L. 2004. Treatment of Hazardous Organic and Inorganic
Compounds Through Aqueous-Phase Photocatalysis: A Review. Industrial and
Engineering Chemistry Research 43, 7683-7696.
Khalil, L. B., Mourad, W., Rophael, M. W. 1998. Photocatalytic Reduction of Environmental
Pollutant Cr(VI) Over Some Semiconductors Under UV/Visible Light Illumination.
Applied Catalysis B: Environmental, Vol. 17 (3), 267-273.
182

Kikkawa, S., Koizumi, M. 1980. Organic Intercalation on Layered Compound KTiNbO 5,
Materials Research Bulletin 15(4), 533-539.
Leonard, A., Gerber, G. B., Jacquet, P., Lanwerys, R. R. 1984. Mutagenicity, Carcinogenicity,
and Teratogenicity of Industrial Pollutants. M. Kirsch-Volders, Ed., Plenum Press, New
York.
Low, K. S., Lee, C. K. 1991. Cadmium Uptake by the Moss Calympers Delesertii, Besch.
Bioresour. Technol. 38, 1-6.
Maduka, H. C. C. 2006. Water Pollution and Man’s Health. The Internet Journal of
Gastroenterology 4(1), 1-10.
Malati, M. A. 2001. Removal of Toxic Metals from Water and Recovery of Precious Metals by
Photocatalysis. Chem. Labor Biotechnol. Vol. 11, 414-421.
Mori, K. 2005. Photo-Functionalized Materials Using Nano-particles: Photocatalysis. KONA.
No. 23, 205-214.
Munoz, J., Domenech, X. 1990. TiO2 Catalysed Reduction of Cr(VI) in Aqueous Solutions under
Ultraviolet Illumination. J. Appl. Electrochem., 20, 518.
Ollis, D. F., Pelizzetti, E., Serpone, N. 1991. Destruction of Water Contaminants. Environ. Sci.
Technol., Vol. 25, No. 9, 1523-1529.
Ollis, D. F. 2000. Photocatalytic Purification and Remediation of Contaminated Air and Water.
Surface Chemistry and Catalytics. C. R. Acad. Sci. Paris,Chemistry, 3, 405-411.
Pajonk, G. M. in Catalyst Preparation: Science and Engineering, (Ed: J. Regalbuto), Taylor and
Francis (CRC Press), Boca Raton. 2007. p. 31-43.

183

Periasamy, K., Namasivayam, C. 1994. Process Development for Removal and Recovery of
Cadmium from Wastewater by a Low-Cost Adsorbent: Adsorption Rates and Equilibrium
Studies. Industrial and Engineering Chemistry Research 33 (2), 317–320.
Piechalak, A., Tomaszewska, B., Baralkiewicz, D., 2003. Enhancing Phytoremediative Ability of
Pisum Sativum by EDTA Application. Phytochemistry 64, 1239-1251.
Prairie, M. R., Evans, L. R., Stange, B. M., Martinez, S. L. 1993. An Investigation of Titanium
Dioxide Photocatalysis for the Treatment of Water Contaminated with Metals and
Organic Chemicals. Environtal Science and Technology, 27 (9), 1776–1782.
Prairie, M. R., Evans, L. R., Martinez, S. L. 1994. Destruction of Organics and Removal of
Heavy Metals in Water via TiO2, Photocatalysis. In Chemical Oxidation: Technology for
the Nineties. Second International Symposium, Eckenfelder, W. W., Bowers, A. R., Roth,
J. A., Eds., Technomic Publishing Company: Lancaster, Pa, pp 428-441.
Ramos, R.L., Martinez, A.J., Coronado, R.M.G. 1994. Adsorption of Chromium (VI) from
Aqueous Solutions on Activated Carbon. Water Science and Technology 30 (9), 191–
197.
Richard, F.C., Bourg, A.C.M. 1991. Aqueous Geochemistry of Chromium: A Review. Water
Research 25 (7), 807–816.
Robertson, P.K.J. 1996. Semiconductor Photocatalysis: An Environmentally Acceptable
Alternative Production Technique and Effluent Treatment Process. Journal of Cleaner
Production 4 (3-4), 203-212.

184

Saupe, G. B., Waraksa, C. C., Kim, H.–N., Han, Y. J., Kaschak, D. M., Skinner, D. M., Mallouk,
T. E. 2000. Nanoscale Tubules Formed by Exfoliation of Potassium Hexaniobate,
Chemistry of Materials, 12(6), 1556-1562.
Saupe, G. B., Zhao, Y., Bang, J., Yesu, N.R., Carballo, G.A., Ordonez, R., Bubphamala, T. 2005.
Evaluation of a New Porous Titanium-Niobium Mixed Oxide for Photocatalytic Water
Decontamination. Microchemical Journal 81, 156-162.
Schneider, M., Baiker, A. 1997. Titania-Based Aerogels. Catalysis Today 35(3), 339-365.
Serpone, N., Borgarello, E., Pelizzetti, E. 1988. Photoreduction and Photodegradation of
Inorganic Pollutants: II. Selective Reduction and Recovery of Au, Pt, Pd., Rh Hg and Pb
In: M. Schiavello (Ed.), Photocatalysis and Environment, Trends and Applications,
Dordrecht, Kluwer Academic Publishers, 527-565.
Seregin, I. V., Ivanov, V.B. 2001. Physiological Aspects of Cadmium and Lead Toxic Effects on
Higher Plants. Russian Journal of Plant Physiology 48, 523-544.
Sheng, P. X., Tan, L. H., Chen, J. P., Hong, L. 2004. Sorption of Lead, Copper, Cadmium, Zinc,
and Nickel by Marine Algal Biomass: Characterization of Biosorptive Capacity and
Investigation of Mechanisms. Journal of. Colloid and Interface Science, 275, 131–141.
Tanaka, K., Harada, K., Murata, S. 1986. Photocatalytic Deposition of Metal Ions onto TiO 2
Powder. Sol. Energy 36 (2), 159.
Van Bommel, M. J., De Haan, A. B. 1995. Drying of Silica Aerogel with Supercritical Carbon
Dioxide . Journal of Non-Crystalline Solids, 186, 78-82.
Verma, S., Dubey, R.S., 2003. Lead Toxicity Induces Lipid Peroxidation and Alters the
Activities of Antioxidant Enzymes in Growing Rice Plants. Plant Science 164, 645-655.
185

Venugopal, B., Luckey, T. D. 1978. Metal Toxicity in Mammals. 2. Plenum Press, New York.
Wang, J. L., Chen, C. 2006. Biosorption of Heavy Metal by Saccharomyces Cerevisiae: A
Review, Biotech. Adv. 24, 427-451.
Wadsley, A. D. 1964. Alkali Titanoniobate: The Crystal Structures of KTiNbO5 and KTi3NbO9,
Acta Cryst. 17(6) 623-628.

186

Chapter 5
Photocatalytic Decontamination of Wastewater with Porous Material
HNb3O8
Summary
This chapter describes how a niobium oxide nanocomposite heterogeneous photocatalyst
has been synthesized to accelerate the photolytic destruction of organic contaminants in water.
We studied the structural characteristics of a newly synthesized catalyst and its photocatalytic
ability under UV light irradiation. The surface area, pore size, crystal structure, and morphology
of the synthesized catalyst were characterized by Brunauer-Emmett-Teller (BET), X-ray
diffraction (XRD), UV-Vis spectrophotometry, scanning and transmission electron microscopy
(SEM & TEM). Porous photocatalytic materials can have the combined qualities of high surface
area and relatively large particle sizes, as compared with nanoparticulate catalyst powders. The
larger particle sizes of the porous materials facilitate catalyst removal from a solution, after
purification has taken place. The new photocatalytic porous niobium oxide Nb-POX material
can be used to purify contaminated water by accelerating the photodegradation of any kind of
organic pollutant. The new materials have very large open pore structures that facilitate the
diffusion, the surface contact of contaminants, and solvent flow through the catalyst. These
qualities enhance surface reactions important to the process. The new catalysts have shown
robust physical and chemical properties that make them candidates for real applications in
polluted water decontamination. The new catalyst exhibited excellent catalytic activity, but with
a strong pH dependence on the photo efficiency. These results suggest that elimination of the
ion exchange character of the catalyst may improve its performance at various pHs. To address
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this issue this research studied the effects of a topotactic dehydration reaction on this new porous
material catalyst and comparing the photocatalytic activity with other synthesis methods and that
of the parent material.

5.1

INTRODUCTION
Today, organic contamination purification is one of the most interesting challenges in

catalysis. A subject of global concern is the presence of harmful compounds in water supplies
and in the discharge of wastewater from chemical industries, power plants, and agricultural
sources (Ray, 1999; Kabra et al., 2004; Marugán et al., 2007). Engineers have relied on a variety
of traditional water treatment processes for years some of which include phase transfer,
biological treatment, thermal and catalytic oxidation, and chemical treatment using chlorine,
potassium permanganate, ozone, hydrogen peroxide and high-energy ultraviolet light (Legrini et
al., 1993). Water treatment processes that are presently being used have limitations of their own
and are not cost-effective (Ray, 1999). All the present chemical treatment processes either use
high-energy ultraviolet light or strong oxidants of serious hazardous and undesirable nature
(Mills et al., 1993). Numerous intermediates are formed in these processes, and due to very low
efficiencies, overall treatment cost becomes higher if the destruction of intermediates and
complete mineralization are to be achieved (Ollis et al., 1989).
Several works in the past several years have reported the use of heterogeneous
photocatalytic technologies for the treatment of hazardous organic and inorganic compounds
present in aqueous media (Ray, 1999; Kabra et al., 2004; Marugán et al., 2007). One of the most
advanced oxidation processes that couples low-energy ultraviolet light with semiconductors
acting as photocatalysts is heterogeneous photocatalysis (Fox and Dulay, 1993). A rising interest
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has been focused on this technology on account of the possibility of using solar radiation as the
energy source for the decontamination of these effluents (Augugliaro et al., 2002; Neppolian et
al., 2002; Stylidi et al., 2003). From the environmental perspective, the use of solar energy to
drive the destruction of pollutants presents an absolute advantage (Muñoz et al., 2005).
However, it also enhances the economic possibility of the process which makes it competitive
with other technologies for wastewater treatment, such as ozone or HO2/UV-C (Alaton et al.,
2002).
Destruction of pollutants, organic contaminants, and hazardous microorganisms through
advanced oxidation process using photosensitive semiconductors with the aid of solar light forms
an emerging area of concurrent research (Gupta et al., 1990; Hoffmann et al., 1995; Ramakrishna
et al., 1997, Tung and Daoud, 2009). In situ degradation of traces of organic substances is
achieved in this process. The vision of complete mineralization of pollutants to environmentally
harmless compounds is the appeal of this process technology. By electron-hole pair formation
begun through the absorption of an ultraviolet photon, activation of the catalyst is achieved.
Excited state conduction band electrons and valence band holes may recombine and disperse the
input energy as heat; otherwise, they may separate and become involved in electron transfer
reactions with species in the solution the material is submerged (Fox and Dulay, 1993; Sze,
1981). They become trapped, in the existence of suitable scavengers or surface defects, and
consequently enter a redox reaction with species adsorbed on the surface. The holes react with
electron donors such as hydroxyl ions or water to form hydroxyl radicals, while the electrons
react with electron acceptors such as molecular oxygen (Mills et al., 1993). A photocatalyst
should be stable under different reaction conditions, resistant to photocorrosion, and capable of
promoting reactions proficiently upon recurring use. A low-cost photocatalyst would ideally be
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favored for a long-term use. At standard conditions (room temperature, atmospheric pressure),
the reaction is rather fast. In the total mineralization of organic contaminants in water, they are
quite effective (a wide spectrum of organic contaminants can be converted to water and CO2).
These materials can also be useful for the cleanup metals, which are transformed to their lesstoxic/nontoxic metallic states (Benedix et al., 2000). The accumulation of extra chemicals is not
necessary for a chemical reaction to occur and side reactions are formed (Karches et al., 2002).
TiO2 seems to be the most active catalyst that has been uncovered to meet the above
criteria of all the different semiconductor photocatalysts tested; thus, it has been extensively used
in photoreactions (Kabra et al., 2004; Mills et al., 1993). For complete mineralization of organic
compounds in a solution, the redox power of photocatalytic decontamination systems making use
of wide band gap semiconductors and bandgap illumination emerge to be more than sufficient
(Tung and Daoud, 2009). Titanium dioxide nanostructures have continuously drawn much
interest for their intriguing capability in environmental applications, such as self-cleaning,
hazardous waste remediation, air/water purifications, sterilization, water disinfection, and
deodorization (Parkin and Palgrave, 2005; Kikuchi et al., 1997; Sopyan et al., 1996; Dong et al.,
2006; Yu et al., 2006; Jia et al., 2007; Wang et al., 2007). The mainstream of tests of solar
photocatalytic reactors and treatment plants have been using small particles of the photocatalyst
(usually titanium dioxide) suspended in the polluted water. The major benefits of these slurry
systems are: better accessibility of the catalytic surface area for adsorption and reaction, low
pressure drop through the reactor, and good mass transfer of the wastewater contaminants from
the fluid to the photocatalyst (Alfano et al., 2000). Its use is restricted thanks to the cost of
separating TiO2, regardless of the usefulness of solar advanced oxidation processes such as
titanium dioxide which has demonstrated to be the most hopeful candidate among a range of
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photocatalysts (Fox and Dulay, 1993; Hoffmann et al., 1995; Fujishima et al., 2000; Yu et al.,
2002; Yu et al., 2005) (Blanco et al., 2001). The need to eliminate the photocatalyst from the
cleansed water after treatment is the major disadvantage of systems having suspended solids
(Alfano et al., 2000). Hence, wide-ranging research pursuits have been dedicated to form
heterogeneous photocatalysts with greater photocatalytic activities by looking for new probable
photosensitive catalysts as replacements of titanium dioxide. Very few potential heterogeneous
photocatalyst have been discovered presently (Khedr et al., 2009). It is projected that the best
catalysts for photocatalysis will be effortlessly suspended in water and sedimented after that
(Malato et al., 2003). To facilitate the separation stage, enhancements in the catalysts are
necessary.
One possible solution to this problem may be to develop larger catalyst particles, which
merge large-pore porous architecture, high surface areas, nanostructured pore walls, and large
particle size that make them to settle out of solution and can be filtered easily (Saupe et al.,
2005). An emerging destructive technology among the new oxidation methods or advanced
oxidation processes is, as it appears, heterogeneous photocatalysis. This technology leads to the
complete mineralization of the majority of the organic pollutants. Photocatalysts are wide band
gap semiconductor metal oxides that are chemically activated by UV light. As it has been
observed, they increase the oxidation rates of water borne contaminants (Houas et al., 2001;
Goutailler et al., 2001, Pozzo et al., 1997).
HNb3O8 and other porous metal oxides made up of niobium oxide have wide band gaps.
HNb3O8 POX can solve the problems of nanopowder anatase in photocatalysis, because it can be
easily removed from a solution. These are significant factors for designing new low-cost, large
scale photocatalytic processes (Saupe et al., 2005). Novel photocatalytic, self-cleaning materials
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are appropriate for the treatment of drinking water and industrial wastewater (Kabra et al., 2004).
Formerly, the synthesis of large-pore transition metal oxides by means of traditional lowtemperature routes has resulted in poor thermal constancy, because of the materials’ tendency to
change from its amorphous states to crystalline solids during heating. These changes often result
in pore collapse, diminished surface areas, and demise of structural integrity (Lee et al., 2001;
Lee et al., 2002). Using lamellar particle colloids, we have found a way to make crystalline,
large-pore Nb oxide semiconductor material with high thermal stability.

In comparison to

layered and nanoparticular semiconductors, these new porous oxide materials, have enhanced 3D electronic conduction. In this work, nanostructured porous HNb3O8 was made with high
photooxidative activity, nanostructured pore walls, high temperatures stability, large surface
area, and high photocatalytic activity. Due to the large particle size, the materials are able to be
filtered easily and can settle out of the solution. The new catalyst has open pores, which allow
free fluid flow and light penetration throughout the catalytically active interior, which may be a
propitious characteristic and could convey higher reactivity by raising the surface concentration
of holes and photoelectrons. Photolcataysis tests were completed in a previous study that our
group conducted to study the catalytic quality and suitability of a new porous oxide
semiconductor catalyst projected for the use in photolytic water decontamination methods.
According to these results, elimination of the ion exchange character of the catalyst may
significantly advance its performance at different pHs. We, therefore, introduce experimental
data on the photo activity of distinctive porous semiconductor photocatalysts with
nanodimensional pore walls and large pores. While at the same time maintaining the material
handling properties of bulk powders, the new catalyst may possibly have the catalytic benefits of
small nanoparticles (Stroyuk et al., 2005; Abrams and Wilcoxon, 2005). The new material is
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agglomerates of single crystal nano particle sheets that result from the exfoliation of the layered,
wide band gap semiconductor KNb3O8. The experiments that we performed are part of a study
to explore new materials encompassing better photocatalytic activity at a variety of different pHs
with organic contaminants (Saupe et al., 2005). By having better photocatalysts, we are able to
investigate the decontamination characters through observing the dye decolorization kinetics and
patterns. What we can consider to be indicative of the catalyst photo-destructive power is the
decolorization rates of dyes in a solution. This material is being studied for the decontamination
of water from organics; also, topotactic dehydration will help to improve photocatalytic activity.
Thus, the goal of this research is to examine the effects of a topotactic dehydration reaction on
these new porous material catalysts, and to develop and explore high surface area porous
materials as a photocatalyst in the decontamination of water with organics.
5.2

EXPERIMENTAL METHODS AND MATERIALS
All water used was ultra purified and deionized using state-of-the-art technologies. All

acids and bases were purchased from Fisher Scientific (Fisher Chemicals).

Bromocresol green (Mw=698.02 g/mol)

was purchased from Sigma-

Aldrich (Milwaukee, WI) and had a 95% dye content, which was taken into account in the dye
solution preparations. All other chemicals used for experiments were purchased from GFS
Chemicals (Powell, OH, USA) unless otherwise noted. All experiment steps were done at 2025˚C. All pH measurements were taken with a standard pH meter using a special low-leakage
probe (Henna instruments pH 213, microprocessor pH meter, Portugal) to prevent leaking of
potassium ions which precipitates our colloid in this work.
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5.2.1 Acid Exchanged and Exfoliation of KNb3O8
In this study, HNb3O8 exfoliated sheets, as two-dimensional (2D) single-crystal metaloxide sheets (Takagaki et al., 2005) were prepared by exfoliation and aggregation of layered
HNb3O8 material through soft-solution processing.

Synthesis HNb3O8 followed published

procedures (Kikkawa and Koizumi, 1980; Saupe et al., 2000; Saupe et al., 2005; Fang et al.,
1999; Fang et al, 1999; Wadsley, 1964) and was made from KNb3O8 respectively by grinding
stoichiometric mixtures of Nb2O5 and K2CO3 into powders. A 5% excess of K2CO3 was used to
counteract loss of potassium as an oxide vapor during the heating cycle. The mixtures were
heated in a programmable box furnace (Lindberg/Blue M – Asheville, NC, USA) at 1050° C for
20 hours, yielding KNb3O8. Acid-exchange of KNb3O8 to produce HNb3O8 was done by stirring
powders of the materials in 4 M HCl for 1 day, then centrifuging to isolate the solid and
discarding the solution, and then repeating the process for a total of five days. Exfoliation of
HNb3O8 powders into lamellar colloids was done by adding a 40% aqueous solution of
tetrabutylammonium hydroxide (TBA+OH-) drop-wise to a stirred mixture of an acid exchanged
powder (2.0 g) and water (100 mL). TBAOH was added until the pH of solution was constant at
pH 9-10. The resulting colloid is stable if it is isolated from atmospheric CO2, which acidifies
the solutions. During storage and with atmosphere present, periodic pH adjustments to the
colloid with TBAOH are necessary. Because conventional pH meter probes can leak potassium
ions, and the potassium precipitates this colloid, special low-leakage pH probes were used
(Henna instruments pH 213, microprocessor pH meter, Portugal). In addition, to minimize the
need for constant pH meter use, phenolphthalein pH indicator dye was used (added in minimal
amounts to create color) as an internal indicator of falling pH. Exfoliated KNb 3O8 material
produces lamellar colloid, which consist of particles that are individual sheets of metal oxide in
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solution. Each sheet is a single crystal layer from the parent material and is therefore negatively
charged, which imparts their colloidal character.
5.2.2 Precipitation of the Colloid
For synthesis of the porous metal oxide using wet method precipitation, colloid of the
triniobate particles was precipitated into porous solid by mixing about 3.252 mL of a stock
solution (0.0091 g/ml pH 9-10) with 3.748 mL of water. The diluted colloid was then squirted
quickly into 10 mL of 2 M sulfuric acid. After letting the solid stand for 1 h, compaction and
sedimentation of the resulting solid agglomerates was facilitated by gentle centrifugation
(rpm=500 for 10 min.) so that the supernatant liquid could be removed and replaced repeatedly
(about 4 times) with fresh water for thorough rinsing. The oxide for these experiments remained
wet until used in the photolysis. The pH of the porous solid suspensions were adjusted with
dilute hydrochloric acid, and potassium hydroxide solutions with a standard pH meter using a
special low-leakage probe such as Henna instruments pH 213, Portugal.
For synthesis of the porous metal oxide using vapor diffusion method precipitation,
colloid of (Nb3O8 -)n, derived from HNb3O8, was precipitated into porous solids by an acid vapor
diffusion precipitation method. This is accomplished by mixing 4.0 mL of a colloid stock
solution (0.0091 g/ml pH 9-10) with 20 mL of alcohol. The diluted colloid was contained in an
open vial and was placed in a covered beaker. In the floor the same beaker was placed 2 mL of
concentrated HCl, letting the resulting solid stand undisturbed for 2 days. To dry sample,
following procedure took place, otherwise wet sample was facilitated by gentle centrifugation
(rpm=500 for 10 min.) so that the supernatant liquid could be removed and replaced repeatedly
(about 5 times) with fresh water for thorough rinsing. For having 0.0296 grams sample from a
solution with 4 mL of a colloid stock solution (0.0091 g/ml), the volume of the remain sample
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after rinsing was measured and the amount of liquid gives 0.0296 grams of triniobate was
calculated and taken to a quartz tube for photolysis test. At the end, the results of photolysis of
different methods (wet and dry methods) were compared together.
For drying porous material, first the anionic colloidal sheets were agglomerated into
porous aggregates via a vapor precipitation reaction. As mentioned, the precipitations were
induced with the cations from conventional concentrated HCl acid, and then the samples were
allowed to stand for two days.
Agglomerated porous metal oxide was then rinsed via a solvent exchange procedure,
where the vials with the samples were put into large volumes of fresh solvent like acetone (~400
mL), allowed to sit for one day with gentle stirring to promote solvent diffusion and remove all
water. Most of the solvent was then removed and then fresh solvent was added to repeat the
process for four days. The forces exerted on porous materials during normal ambient solvent
evaporation are enough to crush most structures (Pajonk, 2007; Schneider and Baiker, 1997; van
Bommel and de Haan, 1995; Chen and Mao, 2007; Eychmueller, 2005). Hence, the sample was
then dried via a supercritical point CO2 drying system (Polaron Critical Point Dryer, E3000
Series, Quorum Technologies, East Sussex, U.K) for further experiments and analysis such as
surface area measurements and microscopy analyses. Also the porous metal oxide sample that
was dried was used in the photocatalysis experiments.
5.2.3 Topotactic Dehydration
A Topotactic dehydration reaction was followed by heating the dry porous material
catalyst in to about 450 °C for 2 hours in a high temperature furnace. This will ―lock-in‖ the
structure by creating covalent bonding where ionic bonds once were and eliminate the ion
exchange capacity of the porous metal oxide. This change will give the material greater pH
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independence and possibly improve the robustness of the solids. Also, by dehydrating the
material topotactically, they can be made more robust, as the ionic bonding is converted in to
covalent bonding.
5.2.4 Morphology and Crystallinity
The surface morphology, structure, and particle size of the samples were studied by
means of transmission electron microscopy (TEM, Zeiss EM-10, Oberkochen, Germany) at 60
kV and scanning electron microscopy (SEM, S-4800, Hitachi, Japan). The crystallinity of solid
powder extracted from the synthesized colloids was studied by X-ray Diffractometer (Bruker D8
Discover, Germany) in the region of 2θ=5°-75°. It is equipped with a LynxEye detector and a
xyz-table for mounting the samples, using monochromatized Cu-Ka radiation.

This novel

benchtop analyzer utilizes XRD for the qualitative and quantitative analysis of crystalline phases.
5.2.5 Brunauer-Emmett-Teller (BET) Surface Area
The specific surface area of the catalyst was determined from nitrogen adsorption and
desorption isotherms at 77 °K using a Micromeritics ASAP 2020 surface area and porosity
analyzer (Micromeritics Instrument Corporation, U.S.A.). Prior to BET measurement, catalyst
was degassed with nitrogen at 90 °C under vacuum for 3 h and backfilled with helium or
nitrogen gas to remove excessive moisture or adsorbed contaminants on the samples’ surface.
After degassing, the complete analysis takes about 10 h. The obtained data were automatically
calculated by the BET equation with the computer-aided system.
5.2.6 Elemental Analysis and ICP Study
Elemental analysis of C, H, and N in triniobate porous metal oxide samples were done by
sending samples to Intertek, Quantitative Technologies INC. (QTI), NJ., was determined using
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Perkin-Elmer 2400 Elemental Analyzer.

One sample of HNb3O8 was prepared by drying

HNb3O8 by supercritical CO2 (see section 2.2.5) and the other sample was prepared by vapor
diffusion method (see section 2.2.4.2) which after letting the solid stand for 2 days, compaction
and sedimentation of the resulting solid agglomerates was facilitated by gentle centrifugation
(rpm=500 for 10 min.). Therefore, the supernatant liquid was removed and replaced repeatedly
(about 4-5 times) with total 50 mL fresh DI water for thorough rinsing. Then, the sample was
dried in air. The analyzer used combustion to convert the sample elements to simple gases, i.e.,
CO2, H2O, and N2. Upon entering the analyzer, the sample was combusted in a pure oxygen
environment. The product gases were separated under steady state conditions, and measured as a
function of thermal conductivity. The instrument was calibrated prior to sample analysis with an
NIST traceable organic standard. System suitability was confirmed by analyzing an NIST
traceable organic standard. The standard was checked to within + 0.1% of its theoretical value.
All sample analysis was bracketed with a standard within + 0.3% of its theoretical value.
The ICP analysis of the HNb3O8 was performed by ICP-OES (Optima 4300 DV, Perkin
Elmer, Norwalk, CT, USA) to confirm the existence of potassium element remained in the
sample.

5.2.7 Testing Ion-Exchange Capability of Non-Topo Sample with Topo by Titration
To compare the ion-exchange capability of unheated (non-topo) dry porous samples with
heated (topo), an acid-base titration test of each was performed. It was done by crashing sample
and adding 10 ml of DI water to that. The oxide material was magnetically stirred for 3-4 hours.
All pH measurements were taken with pH meter while adding aliquots of 0.104 M KOH every 5
minutes, until the pH reached 12. For a topo samples, the 0.104 M standard KOH was diluted 10
fold before use.
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5.2.8 UV-Vis Absorbance Reflectance Spectra
The UV-Vis absorption reflection spectra of triniobate samples of acid exchanged, nontopo and topo porous metal oxides, and wet method HNb3O8 was measured by UV-Vis, UV3101 PC, Shimadzu, Kyoto, Japan and the onset of absorption (absorption edge) was obtained by
extrapolating the steep part of the rising absorption curve. The method used to determine the
onset of absorbance is explained at section 3.3.1.6.
5.2.9 Optical Absorption and Photocatalytic Activity
The dynamic wet-state photocatalytic effectiveness was evaluated by examining the
change of concentration of a colorant solution of bromocresol green dye (BG).

In each

experimental measurement 0.0296 g of parent material, or dry oxide material (non-topo or topo),
or wet material by either wet method or vapor method (already explained), or 1.07 mL of a stock
solution of colloid of titanoniobate (0.0276 g/ml pH 10) was magnetically stirred in a total 25.00
mL of a solution of 20 µM (13.96 ppm) BG in water. The colorant solution of dye stored in dark
condition. The absence of measurable dye adsorption (<13.96 ppm change) onto the photolysis
apparatus and catalyst materials was confirmed (Saupe et al., 2005). All oxide particles were
stirred in an upright 25 mm diameter quartz tube. The quartz tube (total volume was 60 mL) was
sealed at the bottom with a quartz plate was open at the top. The oxide-containing colorant
solution was vigorously shaken under UV irradiation. A Penray (UVP LLC, USA) Hg light bulb
(UV pen lamp, model 35C-9, operating with 5.4 mWcm-2 irradiance @19 mm @254 nm) was
used to irradiate the samples with UV light at a distance of 23 mm (face of bulb to face of quartz
vessel). The amount of UV reach to the sample was measured with light power meter (PM 100,
Thorlabs Inc., Newton, New Jersey, USA) in conjunction with a thermal sensor (S212A-10 W,
Thorlabs Inc., Newton, New Jersey, USA) and it was around 11.98 mW (1.63 X 10 17
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photon/sec.). Air was not bubbled or mixed into the reaction solutions, but normal air was
present in the headspace of the reaction vessel. Each photolysis experiment for each pH and for
each catalyst was carried out three or more times. No heating effect was observed in the reaction
vessel due to the UV source over the course of the experiments. Experiment was done for each
sample at pH=2, 3.6, 7 and 9. Samples from the photolyzed solution were taken at the indicated
time intervals using a glass pipet.

Fifteen samples were taken in different times in each

experiment while it was stirring with a magnet. The BG solutions ratio was kept constant for the
entire time of each photolysis. Samples were subsequently centrifuged for 15 minutes at 3000
rpm in test tubes to remove particles prior to analysis. The UV-Vis absorbance was acquired on
a UV-Vis scanning spectrophotometer in transmittance mode (Varian Cary 300 Bio UV-Visible
spectrophotometer, Australia) in a wavelength range of 350-750 nm. The UV-Vis absorption
spectra of the colorant solutions were recorded and the optical absorbance of the supernatant was
analyzed for BG at 616 nm. The change of colorant concentration was analyzed following the
intensity of the characteristic absorption peak of bromocresol green at 616 nm. The detection
limit of this spectrophotometer for BG is 0.1 µM (0.0698 ppm). No affinity for the dye by the
catalyst particles was observed at the experimental pHs. Photolysis data curves were fit to first
order decay functions.
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5.3

RESULTS AND DISCUSSION

5.3.1 Characterization
5.3.1.1 TEM and SEM images
Transmission electron microscopy (TEM), scanning electron microscopy (SEM), and Xray diffraction (XRD) were used to analyze the surface morphology and crystallinity of the
synthesized Nb POX catalysts.
Figure 5.1 shows TEM image of triniobate HNb3O8 nanosheets. The exfoliated triniobate
nanosheets are quite thin, disordered and seem to be wrinkled. The exfoliated nenosheets
possessed a high aspect ratio of width-to thickness.

Figure 5.1: TEM image of exfoliated HNb3O8.
The morphology of non-topo and topo triniobate porous metal oxide samples was
inspected using scanning electron microscopy (SEM). Figure 5.2 and 3 shows SEM images of
dried non-topo and topo (see chapter 1) samples present a uniform dispersion of sheets that are
condensed into an irregular pattern. Nanosheets have a flat surface morphology with vertically
oriented edges.
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According to the SEM images, non-topo and topo materials differ corresponding to the
loss of water during the thermal treatment (2HNb3O8 → H2O + Nb6O15), the porosity and
morphology change a little and topo material appears to be a denser structure. This change was
more obvious in the case of the titanium-niobium porous oxides described in chapter 3.
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Figure 5.2: SEM images of non-topo HNb3O8.

Figure 5.3: SEM images of topo HNb3O8.
203

5.3.1.2 XRD Patterns of Metal Oxides
The XRD patterns of parent material KNb3O8, acid exchanged HNb3O8, non-topo POX
(HNb3O8), and topo POX (Nb6O15) are illustrated in Figure 5.4.
The parent and acid exchanged materials show high crystallinity. As described in Chapter
3.3.1.3, for the parent material, the initial intense peak observed at 2θ~9° is consistent with the
inter-layer spacing and distance between the sheets. The same peak was observed for acid
exchanged and non-topo materials. A change in the distance between the sheets will shift this
peak to the lower or higher 2θ for the non-topo HNb3O8 and acid exchanged samples. The peak
observed at angle 2θ~9°, disappears in the topo material. As the treatment temperature rises to
450 °C, due to the topotactic dehydration reaction, the cations between the sheets in non-topo.
The disappearance of the peak at low angle was cause by removal of cation and the creation of
new covalent bonds between the layers.
In comparison to those of parent material KNb3O8 and acid exchange HNb3O8, the XRD
patterns of the porous aggregates (non-topo and topo HNb3O8) display a lower degree of
crystallinity. However, the porous materials conserve the crystallinity of the sheets obtained
from the parent compound. It has been reported that TEM images and electron diffraction
patterns of the TiNbO5- nano sheets retained the original single-crystal sheet structure (Takagaki
et al., 2005). In the non topo and topo HTiNbO5 porous aggregates, the loss of periodicity of the
in-plane atoms is due to the random orientation of the restacked sheets. The sheets lose registry
upon exfoliation with one another and are not lined up anymore (Fang et al., 1999; Yang and
Frindt, 1994). In this case, there are no x-ray diffraction peaks from the in-plane atoms, which
cause a lower intensity of peaks in non-topo and topo porous materials.
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Figure 5.4: XRD patterns of parent material KNb3O8, acid exchanged HNb3O8, non-topo porous
oxide (HNb3O8), and topo porous oxide (Nb6O15).
5.3.1.3 BET Surface Area
Takagaki et al. reported that the surface area increases by exfoliation of layered material.
They figure out the BET surface area of the layered HNb3O8 was only 1 m2/g, while that of
HNb3O8 exfoliated sheets reached 101 m2/g (Takagaki et al., 2005). The surface area of the
layered unexfoliated HNb3O8 made in this study was measured by BET and it was about 1.87
m2/g but for exfoliated HNb3O8 was 82.14 m2/g.
Table 5.1 summarizes the BET surface area of synthesized catalyst HNb3O8 analyzed at
different temperatures (110 °C, 150 °C and 350 °C). As shown in the table, results show that the
heating changed the surface area and pore volume of the porous metal oxide but a significant
change was not observed for the pore size at different temperatures. In general, the surface area
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is one of the most important parameters in catalytic activity enhancement. Therefore, it can be
easily considered that the higher the specific area, the better the efficiency in destroying all the
sequential intermediate products. Because the long process of photodegradation requires a large
number of adsorption sites, not only for the primary pollutant but also for all its fragments. The
role of high surface area in the catalyst efficiency was reported (Guillard et al., 1999).
According to the authors, conversion of organic compounds to CO 2 was faster with the highest
surface area catalysts. However, as the pore size distribution is mostly random, the average pore
size is not a very significant parameter.

Table 5.1: Surface parameters of HNb3O8 porous oxide at different temperatures.

BJH (Barrett-Joyner-Halenda) desorption cumulative pore volume versus pore diameter
of Nb-POX at various temperatures is demonstrated at Figure 5.5. There is a random pore size
distribution with a majority of the pore volume coming from very large pores. Also results show
that Nb-POX has a random open pore structure, with pore size distribution ranging from 17 to
3000 Å (1.7-300 nm) in diameter. A maximum occurs at 42 Å (4.2 nm). The colloid-derived
porous oxide material contains a layered pore wall structure, which forms when the colloids are
condensed with acids.

It was observed that the pore walls are completely crystalline and

somewhat layered in structure.
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Figure 5.5: BJH Desorption cumulative pore volume verses pore diameter of triniobate at various
temperatures.

BJH desorption cumulative pore area verses pore diameter of Nb-POX at various
temperatures is displayed in Figure 5.6. It demonstrates the random pore size distribution and
explains that the much of the pore volume come from very large pores.
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Figure 5.6: BJH Desorption cumulative pore area verses pore diameter of triniobate at various
temperatures.
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Figure 5.7 shows BJH desorption dV/dD pore volume verses pore diameter of Nb-POX at
various temperatures. In spite of randomness, there is a common pore size which peaks around
39 Å at 110 °C and around 38 Å at 150 °C and 350 °C. This peak may be due to the formation
of loops when the sheets of triniobate material are folding (see Figures 5.2 and 5.3 and 2.10).
Similar to the titanoniobate, during the pretreatment degassing of samples in the BET
with heat under vacuum, it was observed that samples of the triniobate porous materials had also
changed color.
In summary, for triniobate the topotactic dehydration (samples heated at 350° C)
produced the high surface area, large pore volume and large pore size sheets.
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Figure 5.7: Distribution of pore size of triniobate at various temperatures which shows a peak at
pore diameters of around 38 Å to 39 Å for various temperatures (110, 150 and 350 °C). This is
likely to be from the hollows along the folds of the sheets.
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5.3.1.4 Elemental Analysis
The results of elemental analysis of HNb3O8 with dry method and vapor method are
presented in Table 5.2. As shown there is some carbon content in both samples similar to
HTiNbO5 which could be the cause of the mysterious gray color, as explained before in the
previous chapter.
Figure 5.2: Elemental composition of triniobate porous metal oxide by dry and wet method.

5.3.1.5 Testing Ion-Exchange Capability of Non-Topo Triniobate Sample and Topo by
Titration
Figures 5.8 (a) and (b) are representative data graphs showing ion-exchange capability of
non-topo and topo porous metal oxides catalysts. Figure 5.8 (a) shows porous oxide needs a lot
of 0.104 M KOH to change pH to 12 while Figure 5.8 (b) shows porous oxide needs very little
amount of 0.0104 M KOH. Titration demonstrates and characterizes ion-exchange quality of
non-topo porous oxide catalysts compared to a topo sample. Results show that the topo sample
has very little or no ion-exchange capability compared to the non-topo sample. This is due to the
fact that H+ is removed by heating samples up to 450 °C and removing most of them from layers
while in non-topo samples, there is lots of H+ between sheets that cause using more KOH for
titration of sample.
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Figure 5.8: Titration of porous metal oxide triniobate catalyst with 0.104 M KOH for: a) nontopo porous oxide and b) topo porous oxide.
5.3.1.6 UV-Vis Absorbance Reflectance Spectra
The onset of absorption of triniobate samples for acid exchange, non-topo and topo
porous metal oxides, and wet method porous metal oxide are presented in Table 5.3.
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Table 5.3: Onset of optical absorbance of triniobate metal oxide.

From the onset of absorbance (Figure 5.9), a blue shift in the spectra of the non-topo
porous metal oxides versus the acid exchanged and topo material was observed. This blue shift
is due to the structure and morphology of the materials. In acid exchanged, there is bulk or big
stack of sheets where millions of sheets stick together and make layered materials. This causes
absorption of lower energy and making a red shift. In comparison with the acid exchange
material, the single sheets in non-topo behave like nano particle composites which absorb higher
energy and cause a blue shift. The absorption edge at about 404 nm in acid exchanged turned
towards lower wavelength for the non-topo material, basically. This could be because of a
transformation in the size of particles (Houari et. al., 2005). The quantum confinement and onset
absorption can be effected by the size and shape of the particles (Centeno et al., 2002; William
and Colvin, 2003). Because the sheet particles in non-topo turn from bulk to nano scale, this
could easily lead to a lower electronic quantum confinement and cause an increase in the band
gap. When heated these porous metal oxides (topo porous metal oxide) have shown a slight red
shift, which might be due to an increase in the particle size. This red shift could be also related
to the removal of H+ between the sheets in topo that drive it to a more bulky material compare to
the non-topo. Existing water molecules in addition to H+ between the sheets in wet material
cause less electron quantum confinement and a larger bandgap leading to a blue shift.
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Figure 5.9: Absorbance data for the triniobate samples (unexfoliated, non-topo porous metal
oxide, topo porous metal oxide and the sample prepared by wet method).
5.3.2 Photocatalytic Test
5.3.2.1 Photocatalytic activity of parent Material, Non Topo and Topo porous oxides
The photocatalytic activity was examined by a colorant decomposition test using
bromocresol green (BG). Photocatalytic breakdowns of organic dyes such as BG are as models
for organic pollutants.

The change in concentration of bromocresol green solution in contact

with catalysts made in different methods was measured by Varian Cary 300 Bio UV-Visible
spectrophotometer and is demonstrated in Figure 5.10. It is representative data graphs showing
the disappearance of BG over time under ultraviolet light illumination at pH 2.0, 3.6, 7.0 and 9.0
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with (a) parent material KNb3O8, (b) non-topo porous oxide, HNb3O8 and (c) topo porous metal
oxide which all represent the powder samples. The rates of dye degradation are measured at the
experimental pH to signify the destructive power and reactivity of the catalyst. As figure shows,
all powder samples perform a good result at lower pH (pH=2 and 3.6) with the highest
degradation rate while it drops with increasing pH. Parameters that can affect the photocatalytic
degradation efficiency include surface charge property of catalyst, charge of organic molecule
(Rezaee et al., 2009; Wang and Ku, 2007) and adsorption of organic on the surface of catalyst
which are all pH dependant (Wei et al., 2007). In this case, pH has an important role in the
degradation of organic such as BG. Increasing adsorption and degradation of BG which is
negatively charged in aqueous solution seeks an acidic pH which support the electrostatic
attraction between the catalyst surface (which is positively charged) and BG.
The figure shows that the photocatalytic activity of parent material at different pHs didn’t
changed. This could be due to the structure of parent material in which it has a very compact
construction that doesn’t let the H+ or OH- spread easily between the layers. In other word, in
layered HNb3O8 molecules are unable to penetrate the narrow interlayer space to utilize
interlayer ions as a catalyst.
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Figure 5.10: Photocatalytic activity of powder samples (a) parent materials KNb3O8, (b) the nontopo porous oxide HNb3O8 and (c) the topo porous oxide Nb6O15, under UV light (616 nm) at
various pHs.
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The photocatalytic activity of non-topo sample doesn’t follow the same order of pH. As
figure shows the photocatalytic activity of dye drops at pH 7 compare to the other pHs.
Muruganandham and Swaminathan reported that the hydroxyl radicals are rapidly scavenged at
that pH so the reaction of •OH radical with dye decreases.
After exposure to UV irradiation, the concentration of all topo catalyst-containing BG
solutions at all different pHs decreased significantly.

Topo sample showed the highest

photocatalytic activity and was able to complete the colorant degradation process within almost
30 min.

However, when compared to the degradation rate with non-topo sample, the

photoactivity of topo catalyst considerably increased under UV light irradiation, wherein nontopo catalyst was unable to complete the decomposition process.
Generally, in compare to parent material and non-topo, the topo sample improves its
performance at different pHs (Figure 5.10).

The improved photocatalytic activity may be

attributed to the retardation of recombination of electron-hole pairs by topotactic dehydration
treatment (Tung and Daoud, 2009). In non-topo sample electrons have to tunnel through the
space of the interlayer region to reach the next layer of material. It is known that electronic
conduction in layered materials is preferential within a layer plane of the solid but is less
preferential perpendicular to the plane (Fang et al., 1999; Fang et al., 1999; Wadsley, 1964;
Palchan, 1986). Therefore, electronic conduction perpendicular to the layer planes is extremely
sensitive to distance of the interlayer gap. By doing topotactic dehydration, the ion exchange
character of the catalyst will be eliminate. This is for the reason that H + is removed by heating
samples during topotactic dehydration which cause fewer spaces between sheets which let
electrons move to the surface of catalyst easily. Due to the elimination intercalation effects and
interlayer conduction problems, the photocatalytic activity in topo sample was improved.
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Although the results suggest that the morphology and structure of samples play an
important role, the surface area of catalysts is also regarded as one of the most crucial factors in
terms of photocatalytic efficiency. The BET has been conducted and the results are in agreement
in that with increasing the surface area of the porous metal oxide in topo sample, catalytic
activity increases in the same order of increasing surface area. The topo sample with higher BET
surface area of 114.19 m2/g exhibited the best photocatalytic performance and greater
photocatalytic ability in the decomposition of BG under UV light than the other powder samples.
Therefore, the topo sample demonstrates to be the most effective catalyst with high catalytic
activity compare to the non-topo and parent materials at different pHs.
In all cases, the profiles of dye concentration versus time of irradiation can be
successfully reproduced by a pseudo-first-order macroscopic kinetic model, in agreement with
the results of many other research groups (Konstantinou and Albanis, 2004). Figure 5.11 is
demonstrating the first order reaction rate character of the dye degradation, and in the graph, it is
easy to compare the first order line fits of all the pH 2.0 photolysis data, which includes the data
for the photolysis of BG using UV light with parent material, non-topo and topo catalyst.
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Figure 5.11: Kinetic data for parent KNb3O8, non topo HNb3O8 and topo Nb6 O15 materials at
pH=2.
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5.3.2.2 Photocatalytic activity of materials prepared by Wet and Vapor Methods
Figure 5.12 (a) and (b) are representative data graphs showing the degradation of BG
over time during UV illumination at pH 2.0, 3.6, 7.0 and 9.0 for the POX sample HNb3O8,
prepared by wet and vapor method, respectively. To indicate destructive power of the particular
catalyst at the experimental pH, dye degradation is interpreted. As it shown, both colloid
samples prepared by different wet and vapor methods performance good results at different pHs,
but the best results for the higher pHs belong to the wet method.
With a comparison between all powder and colloidal samples, it can be seen that
colloidal samples demonstrated to be the most effective compared to the powder samples at
various pHs and it can be followed by vapor and topo samples.
After photocatalysis, the observed particle sizes were big enough which signifies that the
particles of triniobate porous metal oxide remain large enough to still have good sedimentation
properties. This means that the triniobate porous metal oxide particles can be filtered without
difficulty after photocatalysis. The good sedimentation properties of the triniobate porous metal
oxide catalyst were furthermore evident when the photocatalysis samples were centrifuged, since
they settled out of solution very quickly.

Rising baseline problems in the UV-Vis

spectrophotometer are created by light scattering from suspended particles in solutions, which
are easily observed during a spectral analysis. After centrifuging, suspended particles were not
observed.
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Figure 5.12: Photocatalysis activity of BG degradation in the presence of the HTiNbO5 samples
prepared by (a) wet method and (b) vapor method under UV light at various pHs.
5.4

CONCLUSIONS
On investigating the effect of topotactic dehydration on the photocatalytic activity of new

porous metal oxide for removing organic materials from wastewater, it was seen that using
photocatalysts as a new technology is a promising method among the other methods that may
effectively solve the problems of contamination. Results show that the new porous metal oxide
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is a low-density material (<0.1 g/cm3) with an average surface area 80-115 m2/g. It has random
pore size and very thin layers confirming that synthesized catalyst is nanosheet structured. The
large particle size of the new HNb3O8 material persisted after photocatalysis and allows it to be
separated out of solution easily. This could facilitate the final filtering stages within a future
photocatalytic water decontamination facility.
Our study used a test dye, bromocresol green, as a model contaminant. The powder
samples of parent material KNb3O8, non-topo HNb3O8, and topo Nb6O15 and colloid samples
made in wet and vapor methods were synthesized and characterized by different techniques. The
XRD patterns show that porous material partially reserve the crystalline structure of parent
material and acid exchange and they showed good photocatalytic activity. The effect of pH of
solution was also investigated in the existence of parent, non-topo and topo materials. A
significant activity was observed for topo sample at all pHs but it was found that the catalyst has
stronger ability for degradation of BG in acidic media than in alkaline media. In comparison
with the other powder samples, the results showed topo porous material performs a better
photocatalytic activity. The higher activity of topo material is related to the porous structure and
greater surface area of Nb6O15 observed by SEM and BET.
Photocatalysis of the test dye at various pHs with colloid samples of wet and vapor
methods showed that catalyst made in both methods performed very well at different pHs.
However, the wet method sample was more effective compared to the vapor method sample at
pH=9.
This catalyst characterizes a class of materials which can be used for more
environmentally suitable production techniques, because their use can reduce the amount of
harmful materials being released to the environment. In conclusion, the photocatalytic treatment
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of the waste materials has proven to be an effectual method for the treatment of a varied range of
organic pollutant compounds such as colored used waters. It appears as the only sub-discipline
of heterogeneous catalysis that is able to convert organic pollutants to CO2 and water without
heating and using high pressure of oxygen, and requiring any chemical reactants or additives.
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Chapter 6
General Conclusions
The goal of this study was to develop photocatalysts for water decontamination. In this
purpose, porous oxides have been used for photocatalytic degradation of bromocresol green dye
as a model substance for organic pollutants.
This study was performed in three phases. In the first two phases, two principal parts of
this study (Chapter 3 and 5), titanoniobate and triniobate, were synthesized. These materials
were then dried and treated by topotactic dehydration to obtain the non-topo and topo porous
oxide, respectively. The physico-chemical characterizations obtained for the materials based on
titanoniobate and triniobate are summarized as follow:
 SEM pictures showed the existence of high porosity for all porous materials. All
materials displayed homogeneity and very thin pore walls throughout the sample.
 The XRD results show that the parent material and acid exchange samples had fine
ordered layer structures while those of nanosheet porous aggregates (non-topo and topo)
indicated a much poorer periodic layer structure and showed a lower degree of
crystallinity compared to those of parent material and acid exchanged. However, the
porous materials retained the crystallinity within the nanosheets.
 BET results indicated that the surface area of the POX materials was much higher than
the parent material. Results also showed that the thermal treatment of non-topo porous
material to 350 °C caused an increase in the surface area.
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These materials were used for photocatalytic degradation of bromocresol green (BG).
The results showed that materials based on titanoniobate and triniobate demonstrated good
photocatalytic activity.
The pH profile studies performed on the parent, the non-topo and topo materials showed
the following results:
 The catalysts have strong ability to degrade BG in acid media. A significant activity
was observed for all samples at pH 2 and 3.6.
 At pH=3.6, topo porous materials had a better photocatalytic activity in comparison
with the other samples. The activities follow the order: topo > non-topo > parent.
The difference between the photo degradation activities measured at pH 3.6 could
correspond to the morphology and structure of sheets in these materials. Because the non-topo
and topo materials had a porous structure, the catalyst surface area, which is in contact with the
dye molecules, increased in comparison to the parent material. Therefore, the higher activity of
porous material was related to the greater surface area as observed by SEM and BET. The better
activity of topo porous material compared to non-topo was attributed to the lack of interlayer
space between the nanosheets in this material. The existence of inter-layer H+ in the non-topo
material caused the interlayer spacing, which produced less effective interlayer electronic
conduction and limited the activity.
The catalytic stability test results showed also that topo porous materials had high and
stable performance over time.
The catalytic adsorption (Chapter 4) of toxic and precious metals for non-topo
titanoniobate showed that:
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 Porous HTiNbO5 was able to reduce Pb2+ to Pb and Cr6+ to Cr3+ in the presence of UVlight but reduction of Cd2+ to Cd was not evident.
 Porous HTiNbO5 also reduced precious metals such as Au3+ to Au and Pt2+ to Pt in the
presence of UV-light.
A general comparison between titanoniobate and triniobate showed that the triniobate has
a better photocatalytic activity compare to the titanoniobate which could be related to the
structure and morphology of these two catalysts.
Other results of this research were:
 The large particle size of the new porous material persisted after photolysis and
allowed its separation from solution easily, which could facilitate the final filtering stages
within a future photocatalytic water decontamination facility.
 Heterogeneous photocatalysis on semiconductor particles has been shown to be an
effective means of removing organic and inorganic pollutants from water.
 It can be concluded that these new catalysts characterize a class of materials which can
be used for more environmentally suitable production techniques, because their use can
reduce the amount of harmful materials being released to the environment.
 The photocatalytic treatment of the waste materials has proven to be an effectual
method for the treatment of a varied range of organic pollutant such as colored used
waters. Heterogeneous catalysts are able to convert organic pollutants to CO2 and water
without heating and using high pressure of oxygen, and requiring any chemical reactants
or additives.
 In this context, the topo POX and POX seem to be a good choice compared to TiO2
because it is based on the efficient and well-known TiO2 but has a larger mean particle
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size, which would lead to a simple sedimentation and a spontaneous separation from
water.
 Future work is needed, particularly on the effect of different UV wavelengths and
temperatures on Nb-POX-Topo photocatalytic efficiency. Also testing the efficiency of
topo materials with different organics such as real wastewater is

needed. The full

decomposition of organics by more accurate instruments such as TOC still needs to be
measured.
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